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ABSTRACT 
 Monolayer molybdenum disulfide (MoS2) is a three-atom-thick direct band gap 
semiconductor, which has received considerable attention for use as a channel material in 
atomically thin transistors, photodetectors, excitonic LED’s, and many other potential 
applications. It is also a mechanically exceptional material with a large stiffness and 
flexibility, and can withstand very large strains (11%) before rupture. In this dissertation 
we investigated the mechanics of the stiffness and adhesion forces in atomically thin 
MoS2 membranes, and how biaxial strains can be used to induce large modulations in the 
band structure of the material.  
 
 First, we used chemical vapor deposition (CVD) to grow MoS2 crystals that are 
highly impermeable to gas, and used a pressure difference across suspended membranes 
to induce large biaxial strains. We demonstrated the continuous and reversible tuning of 
the optical band gap of suspended monolayer membranes by as much as 500 meV, and 
induced strains of as much as 5.6% before rupture. We observed the effect of strain on 
the energy and intensity of the peaks in the photoluminescence (PL) and Raman spectra 
 
 xiii 
and found their linear strain tuning rates, then report evidence for the strain tuning of 
higher level optical transitions.  
 
 Second, we determined the Young’s modulus and works of separation and 
adhesion of MoS2 membranes, and found that adhesion hysteresis is an important effect 
in determining the behavior of our systems. 
 
 Finally, we investigated the use of atomically thin materials as nanofiltration 
membranes, by perforating the material with nanopores which selectively permit the 
transport of smaller molecules while rejecting larger ones. We studied ion transport 
through nanopores in graphene membranes and demonstrate that in-situ atomic force 
microscope measurements in liquid are a powerful way to reveal occlusions and 
contaminants around the pores - work which will aid future researchers in further 
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CHAPTER ONE: INTRODUCTION 
 
1.1 Next generation nanoscale materials   
 
 Innovations in our ability to engineer matter at the nanometer length scale have 
had, and will continue to have, a profound effect on human history. The most dramatic of 
nanotechnology’s successes has been the miniaturization of silicon based electronic 
components. Between 1970 and 2020, the number of transistors that can be packed on a 
microchip has increased by a factor of over one million, with the latest Apple A12X 
Bionic processor containing a total of roughly one billion (Roser, 2020). These 
astonishing figures derive from half a century of steady cumulative improvements in 
CMOS fabrication methods aimed at reducing transistor sizes, and has delivered us the 
age of smartphones, AlphaGo, and self-driving cars*.  
 
 The latest generation of FinFET transistors have channel widths less than 10 nm 
wide (Fig.1.1a). This fact presents us with a remarkable achievement of engineering, but 
also a challenge. Transistor dimensions are approaching their fundamental limit – the 
length scale of single atoms. In order to proceed along the path of miniaturization, 
scientists and engineers must turn their ingenuity to the challenge of building electrical 
components with dimensions containing just a handful of atoms.  
 
* Great technological innovations rarely arrive without their troubling side effects. Just as the miracle 
of nuclear power followed the horrors of Hiroshima, so too the computer age has given us both 




 The work in this thesis will be about a class of materials which may help us rise to 
this challenge. Graphene, discovered in 2004, is a honeycomb lattice of carbon atoms that 
is only a single atom thick, and is therefore a truly two-dimensional material. It is also the 
world’s strongest material, extremely electrically and thermally conductive, totally 
impermeable to all molecules, and highly elastic, to name just a few of its superlative 
properties. After graphene an enormous cohort of other 2D crystals were isolated, 
including many semiconductors (MoS2, WSe2, black phosphorus etc.), the electrically 
insulating hexagonal boron nitride (hBN), Xenes such as Silicene and Germanene, with 
more added to the list each passing year. Nanotechnologists thus have in their hands a 
rich panoply of materials to connect and combine to engineer the next generation of 
atomically thin devices (Fig.1.1b). 
 
 
Figure 1.1 a) A cross section of the 7nm-process FinFETs in the Apple A12 Bionic 
processor. Each transistor has a silicon ‘fin’ channel which runs into the page. (adapted 
from wikichip.org) b) A sub-10nm channel width transistor made from stacked 2D 






1.2 MoS2 – a two-dimensional semiconductor 
 
 The bulk of this thesis will be concerned with the archetypal 2D semiconductor – 
MoS2. This was the first semiconducting 2D material to be isolated and is therefore the 
most widely studied. The discovery generated considerable excitement because the three-
atom-thick crystal has a large direct band-gap  (Mak, Lee, Hone, Shan, & Heinz, 2010), 
meaning it is intrinsically much better suited for making transistors than graphene. It is 
also a strong absorber and emitter of light, making it well suited for applications such as 
the photodetector that depend on the interaction of electricity and light.  
 
 Bulk MoS2 is composed of many stacked layers of 2D honeycomb lattices (Fig. 
1.2a), with each layer bound to its neighbor by van der Waals forces. This bulk form has 
long been used as a dry lubricant in engines and brakes, due to the ease with which layers 
can slide past each other. This relatively weak binding between layers is what allowed the 
first monolayer form to be isolated by peeling off a single layer of bulk crystal by 
mechanical exfoliation (Fig. 1.1b), though now the monolayer crystals are more often 
grown from scratch with methods like chemical vapor deposition (CVD). MoS2 belongs 
to the class of materials called the transition metal dichalcogenides (or TMD’s), which 
are crystals formed by bonding a transition metal (any element in groups 3-11 of the 
periodic table) with a pair of chalcogenides (the elements of group 16). A huge number of 
permutations can therefore be formed, but the most frequently studied are MoS2, MoSe2, 




properties (Chhowalla et al., 2013). Despite this thesis’ focus on MoS2, the similarities 
between the materials of this class mean that many of the methods used here can be 
transferred directly for the study of the other TMD’s too.  
 
 
Figure 1.2 a) The layered structure of MoS2. b) An mechanically exfoliated MoS2 monolayer 
on SiOx, viewed from a microscope (adapted from Wang, et al. 2012) c) The elements 
highlighted in the periodic table can be combined to make many different TMD’s (adapted 
from Chhowalla, et al., 2013). 
 
 Research interest in MoS2 is driven by the performance of the devices which can 
be made from it. The excitement began with the demonstration of the first monolayer 
MoS2 transistor (Radisavljevic, Radenovic, Brivio, Giacometti, & Kis, 2011b), which had 
large on-off ratio’s and a carrier mobility of ~ 200 cm2V-1s-1. While this mobility was 
comparable to state of the art graphene transistors of the time, it is still much less than its 
theoretically predicted maximum value due to the presence of scattering sites at defects in 
the crystal or at its interfaces. Much more work will be needed to improve carrier 




are to develop into a mainstream technology (Verreck, Arutchelvan, Heyns, & Radu, 
2019).  
 
 MoS2 has a number of interesting material properties which make other possible 
device applications possible too, and the literature now contains hundreds of such 
examples. It is mechanically flexible making it ideal for use in flexible electronics 
(Akinwande, Petrone, & Hone, 2014). It is optically active and has been used to make 
excitonic LEDs, photodetectors and optically gated memories (Mak & Shan, 2016; Roy 
et al., 2013). It also allows the conduction of electrons while maintaining their spin 
degree of freedom, a property that could be used to make so-called spintronic devices 
(Manzeli, Ovchinnikov, Pasquier, Yazyev, & Kis, 2017). Many other TMD’s are being 
vigorously investigated for these applications and more.  
 
1.3 Mechanics and strain tuning of MoS2 
 
 It is the semiconducting nature of TMD’s – the presence of a band gap – that 
make feasible so many of the devices described above. The central importance of the 
band gap leads us on to another intriguing property of MoS2 – it has a band gap that 
changes magnitude depending on the mechanical strain within the material. While this 
property is not unique to MoS2, the strain sensitivity of the band gap combined with the 
crystal’s enormous breaking strain (~11%) make the material extraordinarily well suited 
to using strain to modulate the size of the band gap, also known as strain engineering  





 Strain engineering is a powerful tool that opens up two new routes. Firstly, we can 
use strain to optimize and enhance the performance of the material in already extant 
devices. This kind of optimization is common in semiconductor manufacturing where, for 
instance, the semiconductor in a quantum well laser is strained to improve device 
performance (Adams, 2011). Secondly, we can use the strain sensitivity of the band gap 
to make novel strain or force sensing devices. In chapter 5, we will measure the effects of 
biaxial strain on the band gap of single and few layer MoS2, work which I hope will 
contribute to making progress along both these routes.  
 
 The mechanics of atomically thin materials is a fascinating topic in its own right, 
and an understanding of how the dominant forces of adhesion and elasticity interact will 
be important for many of the applications so far mentioned. In chapter 6 we will 
investigate these forces, and discover that adhesion hysteresis plays an important role in 
understanding how atomically thin membranes peel off and on to their substrates.  
 
1.4 Using atomically thin materials as separation membranes 
 
 Semiconductor electronics was the first nanotechnology become a large-scale 
technology, but will certainly not be the last. Diverse industries such as medicine, 
filtration, carbon capture and tribology are all hoped to be disrupted and improved by 




nanometer scale. In the final part of this thesis (chapter 7), we will investigate the use of 
atomically thin materials in one of these burgeoning technologies — the use of 
nanoporous materials for separating molecules by size with a sub-nanometer resolution.  
 
 Pristine graphene is impermeable to all atoms and molecules, and can act as a 
perfect barrier separating two reservoirs of gas or liquid (Bunch et al., 2008; P. Z. Sun et 
al., 2020).  Holes can readily be introduced into the graphene by electron or ion 
irradiation, some with nanometer or even sub-nanometer diameters (Sahu & Zwolak, 
2019). Such holes are referred to as nanopores, and are special because their diameters 
are small enough to be able to block larger molecules based on their size. Smaller 
molecules can pass through the pores relatively unimpeded, and thus a nanoporous 
membrane can function like a sieve, separating large molecules from small.  
 
 From a purely scientific perspective these nanopores are fascinating systems to 
study. They represent examples of flow and transport across the smallest possible 
apertures in nature, and are still far from fully understood. But there are big technological 
opportunities here too. Conventional membrane technologies such as reverse osmosis 
generally separates molecules based on a diffusive process where large molecules are 
removed from small ones based on their diffusion rate. In nanoporous membranes the 
larger molecules are not just slowed down by the membrane, they are strictly forbidden 
from passing it at all due to steric exclusion. Such membranes have the potential to be far 




important implications - an enhanced technology for filtering salt from water, or CO2 
molecules from industrial pollution, could play a role in tackling the severe humanitarian 
challenges of water scarcity and global warming (Cohen-Tanugi & Grossman, 2012).  
 
 My work in chapter 7 will involve measurements of the transport of ions across 
graphene nanopores in water, and in particular will describe some of the experimental 
artifacts that can lead to erroneous interpretation of these measurements. It is hoped this 
work will contribute a useful measurement technique to the field, which will help others 
make progress towards understanding these intriguing systems. 
 
1.5 Outline  
 
 The majority of this thesis will be about investigating the mechanical properties of 
MoS2 and the effect of strain on its band gap. As a result, a functional theoretical 
understanding of both mechanics and semiconductor physics is required to understand 
some of the experiments and results. My hope is that this thesis can still be read by 
budding mechanical engineers who want to learn about 2D semiconductors but have not 
yet encountered much (or have only a hazy memory of) solid state physics. I therefore 
dedicate chapter 2 to developing the key ideas needed to understand the basic electrical 
and optical properties of 2D semiconductors. This very brief introduction should provide 
a functional working model of the theory to the uninitiated. Chapter 3 covers the 




growth and transfer of 2D materials. Chapter 5 closely follows a paper published in Nano 
Letters 16, 9 (2016), about strain engineering in atomically thin MoS2. Chapter 6 is based 
on work also published in Nano Letters 17, 9 (2017) about the mechanical stiffness and 
adhesion energy of MoS2 on SiOx substrates. Chapter 7 is based on work that contributed 
to the paper published in Nanoscale 11, 9856 (2019), and involves probing the ion 
conductance of graphene nanopores using electrical and atomic force microscope (AFM) 
measurements. Chapter 8 contains unpublished work that may make up future directions 





CHAPTER TWO: BASICS OF SEMICONDUCTOR PHYSICS   
 
 In this chapter I will introduce the basic elements of solid state physics, in the 
context of understanding the properties of the atomically thin semiconductors. The 
theoretical models in this chapter are described in more detail in several textbooks 
(Ashcroft & Mermin, 2003; Kittel, 2004; Simon, 2016). 
 
2.1 The band gap and the Fermi energy  
 
 In developing an understanding of the atom, physicists had to uncover the 
structure of possible energy levels an electron may occupy. Similarly, in order to 
understand crystals, which are periodic arrays of atoms, we will need to have a model 
which describes the possible energy states an electron may have in the crystal. We will 
then be able to understand how electrons will behave at a microscopic level when we try 
and give them more energy through photons or electric fields, which will ultimately allow 
us to explain macroscopic phenomena such as the materials absorptivity and electrical 
conductance.  
 
 Free electrons can have a continuum of energies, with the kinetic energy E 
proportional to the square of the momentum k, or E ~ |k|2. In atoms, electrons are 
confined in orbits around a nucleus and have quantized energy levels En but can carry no 
linear momentum. In a periodic crystal, electrons experience a little of both of these 




and carry a momentum k. The energy landscape of an electron in a crystal therefore 
preserves elements of both the limiting cases — the electrons have a discrete set of 
energy levels that they can occupy, called energy bands, and within each band the 
electron can take a quasi-continuous range of energy values.  
 
 
Figure 2.1 The electronic band structure of monolayer MoS2 (Ellis, Lucero, & Scuseria, 
2011), and a zoomed in cartoon of the band gap. The blue circles represent states occupied 
by electrons.  
 
 The band diagram of monolayer MoS2 in Fig. 2.1 shows two bands which take a 
rather complicated shape as the momentum is varied in the x axis. The upper band in the 
figure is called the conduction band, and the lower one is the valence band (the other 
bands above and below them aren’t very important). The bands are separated by a 
discrete gap between them. The most important region in the diagram is the point at 
which the valence band is highest and the conduction band is lowest, and the energy gap 
between the bands at this momentum (which is the so-called K point for 2D materials) is 
called the band gap Eg. In monolayer MoS2, Eg = 2.47 eV (Hill et al., 2015). We can also 




millions of momentum states that lie along each band, shown by evenly spaced circles in 
Fig 2.1 which represent states that an electron can fill. The separation between these 
states is extremely small, which is why k is a quasi-continuous variable. 
 
 The electrons in the crystal fill up the lowest available energies first (like in an 
atom), and the highest energy electron in the pile is referred to as the Fermi energy EF. 
The Fermi energy is not fixed, and can be increased or decreased by adding or removing 
electrons from the material, which is called doping. In un-doped MoS2 the Fermi energy 
lies within the band gap. The value of EF is significant because its position relative to the 
band gap in the band diagram plays a major role in determining the electrical and optical 
properties of the material. For this reason, EF and Eg are the two most important numbers 
in this chapter.  
 
2.2 Electronic properties of materials  
 
 Changing the value of EF through doping causes the conductivity of the material 
to change too. If we add enough electrons to the MoS2 for the Fermi energy to lie in the 
conduction band, the material will be (as the band name suggests) electrically conductive. 
The reason is that when an electric field is applied, the electrons near the Fermi energy 
change their momentum and energy to reflect their acceleration by the electric field. The 
new configuration, after a shuffling around of the available k states, contains more 




 We can now try removing electrons from the system until the conduction band is 
empty and the valence band is full (Fig. 2.2b). When we apply an electric field now it has 
no effect at all on the electrons. This is because the electrons, being fermions, cannot 
occupy the same k states, so when all the k states in a band are filled the electrons can’t 
shuffle around and change momentum. In this state the material has a very low 
conductance because the electrons cannot accelerate and carry a current.  
 
 If we remove even more electrons from the material, we find (a bit 
counterintuitively) that the conductance increases as the valence band is emptied (Fig. 
2.2c). The empty k states allow electrons to be accelerated by the E field and carry 
current. By convention, empty electron states in the valence bands are thought of as 
holes, basically particles in their own right which behave like a positively charged 
electron in a completely full (and therefore electronically inert) band of electrons.  
       
Figure 2.2 Depending on the Fermi energy, a material can have a high conductance (a & c) 
or a low conductance (b). 
       
   




Materials can therefore carry positive or negative charge carriers (holes or electrons). The 
conductivity σ of the material depends on the total number of these charge carriers, given 
by  
𝜎 = 𝑛𝑒𝜇     Eq. 2.1 
 
where n is the number of charge carriers, e is the charge of an electron, and μ is the 
electrical mobility of the charge carrier. For MoS2 this number is ~ 200 cm
2V-1s-1, and is 
reduced by defects in the crystal environment.  
 
 Finally, we can refine our understanding slightly by accounting for the 
temperature of the electrons, which spreads them out into a distribution of energies.  It 
can be shown (Simon, 2016) that for a material with a mostly full valence band at 




2𝑘𝑇    Eq. 2.2 
 
This equation shows that temperature allows some thermalisation of electrons from 
valence to conduction bands, but that the probability of an electron making this jump tails 
off exponentially with increasing Eg. For materials with empty conduction bands and a 





 The importance of Eq. 2.2 for this thesis is that it tells us modulations to Eg will 
have a strong effect on the conductance (and other properties) of the semiconductor. This 
allows us to understand the results of Manzeli et al., 2015 who used mechanical strain to 
vary the strain sensitive band gap of MoS2. Higher applied strains resulted in lower band 
gap energies, which in turn increased the conductivity (or lowered the resistivity) of the 
crystal (Fig. 2.3). This relationship between mechanical strain and conductivity could be 
used to dynamically measure strain in the material (a kind of piezoresistive strain gauge), 
or to simply modify the baseline properties of the material with statically induced strains. 
The idea of modifying Eg is in fact a widely used technique, and is in general referred to 




Figure 2.3 Changing the band structure of a crystal in turn affects its conductivity (Manzeli 
et al. 2015). Strain is applied to suspended MoS2 which reduces its band gap energy, which 










 The model outlined so far also helps us explain some optical phenomena that will 
be important later. When light is incident on a material, photons interact with its 
electrons. We will be concerned with the case of an electron in the valence band 
absorbing the energy of a photon and thereby gaining enough energy to jump into the 
conduction band (Fig. 2.4a). After absorption, the electron then scatters to reach the 
conduction band minimum before falling back down into the valence band by emitting a 
photon. This process is called photoluminescence.   
 
Figure 2.4 a) An electron in the valence band absorbs a phonon (i), is excited into the 
conduction band (ii), scatters back down to the bottom of the conduction band (iii) and 
decays back down to the valence band by emitting a photon of lower energy than it 
absorbed (iv). b) Electrons bind to holes to form stable quasi-particles called excitons. An 
electron can bind to an exciton to form a trion. The binding energy of these particles mean 




   
  
    
 
    
 
   
       
     
  
  
      




 In order for photoluminescence to occur, both momentum and energy must be 
conserved. To do this the electron’s momentum must shift along the momentum axis by 
an amount equal to the momentum of the emitted photon. Photons carry very little 
momentum relative to electrons in crystals†, so transitions must be basically vertical in 
the band diagram. This means that for strong photoluminescence to occur, the conduction 
band and valence band extrema must occur at the same location in k space. Materials for 
which this is the case are called direct gap semiconductors, which include GaAs and 
monolayer MoS2, and are excellent emitters of light for that reason.  Indirect gap 
semiconductors (e.g. crystalline silicon and multilayer MoS2) are those for which the 
band extrema have different k’s, so are very poor emitters of light and cannot be used for 
applications such as LED’s. The difference in single layer and multilayer MoS2 
photoluminescence will turn out to be useful in chapter 4, where it will allow us to 




 When an electron has been excited into the conduction band, a vacancy or 
positively charged hole remains in the valence band. Remarkably, the electron and the 
newly formed hole can form bound states called excitons, where the mutual electrostatic 
attraction keeps the pair in an orbit somewhat analogous to a hydrogen atom. In fact, the 
 
† The electron momentum has a value of the order ke = 2π/a, where a is the lattice constant that is 
typically several Angstroms. For semiconductors with Eg~1eV the photon energy to excite electrons 
across the gap must be approximately kph = 1 eV/ħc. Such a photon therefore has a momentum ~104 




physics of excitons is so similar to hydrogen that we can use the same description 
developed by Rydberg to account for its binding energy. Thus, for a stationary exciton, 
its energy can be written,  
 
𝐸𝑒𝑥𝑐𝑖𝑡𝑜𝑛 = 𝐸𝑔 −
𝑅𝑦∗
𝑛𝐵
2       Eq. 2.3 
 
where nB is bound state energy quantum number and Ry* is the Rydberg energy of the 
exciton (Rigosi, 2016). In MoS2 Ry* = 440 meV (Hill et al., 2015), which is enormous 
compared to most semiconductors (typically , Ry* < 200 meV). This is because the 2D 
nature of the material means the electrostatic field lines binding the electron and hole can 
mostly travel through the free space on either side of the crystal, so the excitons therefore 
experience a much weaker electrostatic screening compared to those in 3D crystals.  
 
 With this understanding of excitons we can slightly improve upon our model of 
optical transitions. When an electron is excited across the band gap, it can form an 
exciton state with an energy slightly lower than Eg (Fig. 2.4b). The exciton state can 
decay when the electron falls back to the valence band, with a photon emitted according 
to Eq. 2.3 with an energy slightly less than Eg. Because optical measurements often show 
this apparent reduction in the band gap, the energy Eexciton is sometimes referred to the 
optical band gap, to distinguish it from the electronic band gap Eg. In MoS2 the optical 





 To add yet more detail, in monolayer MoS2 an even lower energy bound state also 
exists, called the trion, which is formed when a neutral exciton binds to an electron (Fig. 
2.4b). The trion has negative charge and a larger binding energy than excitons (Mak et 
al., 2013), but apart from that they act in much the same way for the purposes of this 
thesis.  
 
Optical properties of MoS2  
We can now use the optical signatures of a semiconductor, in our case monolayer MoS2, 
to deduce its underlying electronic band structure. There are two primary ways to do this, 
using either light emission or light absorption. Absorption spectroscopy entails measuring 
the fraction of light of different wavelengths that is absorbed by a material. The 
absorption spectrum of MoS2 is shown in Fig. 2.5a, which has two distinct peaks, which 
are caused by the production of excitons at those energies. MoS2 has two conduction 
bands right next to each other, split by the spin-orbit interaction, which means that there 
are two possible exciton states with similar energies called the A and B excitons. At 
energies beneath the optical band gap, little light can be absorbed, whereas at higher 
energies the electrons have enough energy to span the band gap and the absorbance is 
therefore large.  
 
 We can also probe the electronic band structure of MoS2 by measuring the light 
emitted by the material, with the method of photoluminescence spectroscopy. The sample 




After excitons decay the emitted light is collected in a spectrometer and plotted as in Fig 
2.5b. We can again see two peaks for the monolayer sample, showing intense emission of 
light at 1.9 and 2.1 eV which are again signatures of the A and B excitons (the B peak has 
a much lower intensity than the A). Multilayer MoS2 crystals with a thickness of ≥2 
layers have much weaker emission, and also have an additional I peak in the spectrum at 
around 1.6 eV (Fig. 2.5b). The difference between the PL in single and multilayer MoS2 
is due to differences in band structure – monolayers are direct gap semiconductors while 
multilayers have indirect band gaps. Multilayers have an additional peak due to electron 
decay across this indirect gap, and have a PL intensity roughly x1000 weaker than the 
direct gap monolayers. 
 
 
Figure 2.5 a) Absorption spectrum of monolayer MoS2, taken at 10K with a -100V gate 
voltage (Mak et al. 2013).  b) Photoluminescence spectrum of monolayer and bilayer MoS2 
(taken at room temperature). Both curves have peaks corresponding to the A and B 
excitons, and the bilayer has the additional I peak caused by emission across the indirect 





2.4 Raman scattering and spectroscopy 
 
 Acoustic waves can propagate through solid materials‡, with the energy carried 
via the movement and potential energy of the atoms they consist of. In crystals these 
vibrational waves have a quantum mechanical equivalent called phonons, which are 
thought of as discrete particles produced by lattice vibrations. Just like we saw for 
electrons, the periodic structure of the lattice puts restrictions on the possible energies and 
momenta that these phonons can carry, which can be represented as a phonon band 
structure. Fig. 2.6a shows the phonon band diagram for monolayer MoS2, with each band 
corresponding to a particular vibrational mode of the crystal. The lower set of bands 
(blue) are due to vibrations in which the whole unit cell oscillates (called acoustic 
modes), and the higher set of bands (red) caused by atomic vibrations within each unit 
cell (optical modes). The most important modes are the A1g and the E
1
2g (Fig. 2.6b) which 
correspond to out-of-plane and in-plane modes respectively.  
 
 These modes can be detected optically by the phenomenon of Raman scattering. 
An incoming photon can scatter off a crystal phonon, with the outgoing photon carrying a 
slightly different energy and momentum to ensure these quantities are conserved. We can 
then collect the scattered light and pass it through a spectrometer to see the intensity of 
the scattered light as a function of wavelength. This is Raman spectroscopy, and a Raman 
 
‡ Confirmed independently by the author in a sealed bedroom adjacent to Green Line construction 
work. The experiment ran nightly for 6 months; data and expletives were submitted to Brookline town 




spectrum for monolayer MoS2 is shown in Fig 2.6c. The data is plotted with the x axis 
being the ‘Raman shift’ – the difference in energies of the incoming and outgoing light – 
in units of wavenumber (cm-1) because the shifts are typically of very low energy. For 
monolayer MoS2, A1g and E
1
2g peaks have wavenumbers of 404 cm




Figure 2.6 a) The phonon band structure  (J. W. Jiang, 2014). The labels represent types of 
mode, e.g. LA = longitudinal acoustic. b) Schematic of the main vibrational modes, and c) 
Raman peaks of MoS2.  
 
 The primary use of Raman spectroscopy is for identifying crystals and molecules 
by their distinctive pattern of Raman peaks. In 2D materials research it is also extremely 
helpful for determining the thicknesses of samples. The addition of just single atomic 
layers to a 2D crystal will typically change the energy or intensity of its Raman peaks, 
because of the effects of either optical interference, van der Waals forces, stacking 
induced structural changes, or others (C. Lee, Yan, et al., 2010). For MoS2, the separation 
between the two modes increases with each additional layer (Fig. 2.7a), a fact that was 




Raman peaks are also sensitive to electrical doping and mechanical strain. Fig. 2.7b 
shows a splitting of the E12g Raman mode, as uniaxial strain breaks the symmetry of the 
crystal and reduces the spring constant between Mo and S atoms in one direction. We 
will investigate the effect of biaxial strain on the Raman mode energies in chapter 5.  
 
 
Figure 2.7 a) The separation between the two Raman modes increases with MoS2 layer 
thickness (H. Li et al., 2012). b) The Raman peaks are also effected by mechanical strain 
(Conley et al., 2013a). 
 
2.5 Spectroscopy experimental setup  
 
 All Raman and PL measurements in this thesis were taken with a Renishaw 
Raman InVia microscope. A schematic for the optics of this machine is shown in Fig. 
2.8a. Light from a 532 nm CW laser is focused on to the sample with a 100x objective, 
producing a spot size of ~ 1 μm. Photons emitted by photoluminescence (PL), or 
scattered by Raman scattering, pass back through the objective and on to a diffraction 




the wavelength. The beam is then directed onto a CCD camera which can measure the 
relative intensity of each wavelength. We use a 600 lines/mm grating for PL 
measurements and a higher resolution 2400 lines/mm grating for Raman spectroscopy.  
 
 
Figure 2.8 a) Raman microscope schematic. b) Pressure chamber which allows Raman and 
PL measurements to be taken on pressurized samples.   
 
Some measurements in chapter 5 use a custom-built pressure chamber with a sapphire 
optical window (Fig. 2.8b). This allows spectroscopic measurements to be taken while 
subjecting the samples to up to 15 atm of gas pressure. For these measurements I used a 







CHAPTER THREE: NANOMECHANICS 
 
 Later chapters will be concerned with using pressure to deform atomically thin 
membranes in order to investigate their mechanical properties. In this chapter I will 
outline the mechanics that we will use to model this interaction between pressure and 
deformation. Much of the theory I will cover has already been thoroughly discussed in 
previous theses§, so I will introduce only the most important concepts and equations here, 
along with any novel material not covered in those works.  
 
3.1 Bulge testing 
 
 Bulge testing is a method that can be used to interrogate, among other things, a 
materials Young’s modulus, adhesion energy, and residual stresses (Beams, 1959; 
Koenig, 2013). It involves fixing the material of study over an aperture or cavity, and 
applying a pressure difference across it, which induces a deformation in the material 
which can be measured (Fig. 3.1a). By measuring this deformation response over a range 
of pressures, one can deduce mechanical constants of the material, provided one has a 
model which can connect these two variables: the pressure difference and the 
deformation.  
 
 In our case we will use the Hencky model, which describes isotropic membranes 
that are suspended over circular apertures, and subject to a uniform pressure (Fichter, 
 




1997). The model accounts only for lateral loading of the membrane since the radial 
component of the pressure is omitted to simplify the analysis. The effect of this omission 
is negligible for the range of parameter space relevant to the experiments in this thesis.  
I will trace an outline of the Henky’s solution here, with the discussion closely following 
Fichter, 1997. The basic idea of the model is to assume the meridional stress σr and the 
vertical deflection profile z(r) of the membrane can be approximated as an infinite 
summation of even powers of radius r.  
 














0              (Eq. 3.1) 
   










)∞0             (Eq. 3.2) 
 
with a pressure difference Δp, cavity radius a0, 3D Young’s modulus E, and membrane 
thickness t. A profile of z(r) is shown in Fig. 3.1a. We will solve the governing equations 
of the system to find the coefficients b2n and c2n in these two equations.  
 
Figure 3.1 a) A membrane subjected to a pressure difference across a sealed aperture. b) 
The radial and tangential strains in the membrane as a function of radius r. At r = 0 the 




 By assuming the uniform lateral loading of the membrane, the governing 








     (Eq. 3.3) 
               𝜎𝜃 =
𝑑
𝑑𝑟
(𝑟𝜎𝑟)    (Eq. 3.4) 
 
which represent the equations for static equilibrium. We also have the linear stress-strain 
relationships, 
 
𝜎𝑟 −  𝜐𝜎𝜃 = 𝐸𝑡 𝑟    (Eq. 3.5) 
𝜎𝜃 −  𝜐𝜎𝑟 = 𝐸𝑡 𝜃 
  
The coefficients b2n and c2n are found by plugging Eq. 3.1 & Eq. 3.2 into Eqs. 3.3-3.5 
under the boundary condition that the deformation is zero at the clamped edge (r = a0). 
These equations were solved using a MATLAB code for n = {0, … ,10}. 
 
 Armed with these coefficients we can now relate the pressure difference across 
the membrane Δp to the maximum height of the bulge δ ≡ z(r=0). From Eq. 3.2 we can 
write 
 











and tidy this up a bit further by setting the summation to a constant K(ν) and setting Et ≡ 
E2D, the 2D Young’s modulus
**. Our simplified equation now reads 
 




    (Eq. 3.7) 
 
We will use this relationship in chapter 6 to measure E2D for single and multilayer MoS2 
experimentally. It will also be useful for us later to find the volume created beneath the 
bulge Vb, by integrating z(r) in Eq. 3.2 over the radius 0 -> a0. Doing so yields  
 
𝑉𝑏 =  𝐶(𝑣)𝜋𝑎0
2𝛿              (Eq. 3.8) 
 
where C(ν) is a constant produced by a summation of c2n’s. The constants C and K 
depend only on the Poisson’s ratio ν, and their values for various 2D materials are 
tabulated in Table 3.1.  
 
 Poisson’s Ratio ν K(ν) C(ν) 
MoS2 0.29  (Cooper et al., 2013) 3.54 0.522 
Graphene 
0.16  (Blakslee, Proctor, Seldin, 
Spence, & Weng, 1970) 
3.09 0.524 
hBN 0.22  (Peng, Ji, & De, 2012) 3.28 0.523 
Black Phosphorus 0.4 (J.-W. Jiang & Park, 2014) 4.07 0.519 
Table 3.1 Values for constants C(ν) and K(ν) for several 2D crystals, calculated using 
Hencky’s solution. 
 
** The 2D Young’s modulus is generally used for 2D materials where the true value of the thickness t 




 We can also calculate the strain distribution in the device using Eqs. 3.1, 3.4 and 
3.5, which is plotted in Fig. 3.1b. The region around r = a0 is purely uniaxial strain, and 
the region at r = 0 is purely biaxial. We can derive the relationship between δ, a0, and the 
biaxial strain in the center of the device εb ≡ εr(r=0), by combining Eq. 3.1 and Eq. 3.5. 









    (Eq. 3.9) 
 
in terms of two numerical constants b0 and K which both depend only on Poisson’s ratio 
υ. For MoS2 we have υ = 0.29, which leads to K = 3.54 and b0  = 1.72. We can further 
simplify Eq. 3.9 to have a single proportionality constant and write  





            (Eq. 3.10) 
For MoS2 we have a value of σ = 0.709. Note that if one simply assumes the bulge is 
spherical, one can quickly derive the same expression with σ = 2/3 (X. Liu, 2014). We 
will use Eq. 3.10 substantially in chapter 5.  
 
3.2 Measuring the adhesion energy 
 
 The adhesion energy Γ of a membrane to its substrate can also be found with the 
bulge testing method (Koenig, Boddeti, Dunn, & Bunch, 2011; Wan & Mai, 1995). When 




as pressure forces overcome the adhesive forces clamping the membrane to the substrate. 
In this case the membrane not only increases its vertical deflection δ, but also the radius 
of the bulge a so that a > a0.  
 
 This section closely follows Koenig, 2013 and Boddeti, 2014, but with the model 
adapted to include the interesting additional effect of adhesion hysteresis in these 
systems. This effect refers to the cases when the energy required to separate the 
membrane from the surface Γsep is greater than the energy returned to the system as the 
membrane re-adheres Γadh, with Γadh < Γsep. We will begin by considering just Γsep which 
determines the mechanics of the membrane delamination under applied pressure. We will 
then include Γadh, which allows us to model occasions when the pressure is reduced and 
the membrane begins to stick back down to the substrate.  
 
Figure 3.2 A sealed cavity is filled with pressurized gas after being left to equilibrate in a 
pressure chamber at p0 as the gas leaks slowly through the substrate. When it is removed 
the bulge expands and the internal pressure reduces. The membrane can also delaminate 
(a>a0). 
 
 The adhesion energy can be measured using a membrane suspended over a cavity 




pressure p0 and allowing the gas to equilibrate by slowly diffusing through the partially 
permeable cavity substrate. The cavity contains a fixed number of gas molecules during 
the deformation and delamination process; for this reason this is referred to as a constant 
N blister test (Wan & Mai, 1995). We will use a free energy model to understand the 





+ Г𝜋(𝑎2 − 𝑎𝑜
2) − 𝑝𝑜𝑉𝑜 𝑙𝑛 [
𝑉𝑜+𝑉𝑏
𝑉𝑜
] + 𝑝𝑒𝑥𝑡𝑉𝑏 (Eq. 3.11) 
 
where V0 is the initial volume of the cavity, Vb is the additional volume created as the 
bubble expands. Γ is equal to Γsep in the case of delamination. The first two terms 
represent the elastic strain energy and the work to separate the membrane from the 
substrate respectively, and the final two terms account for the isothermal expansion of the 
gas. 
 
 After the pressure differential pint – pext has been established, the bubble volume 
expands until the free energy of the system F reaches a local minimum. We find this 
minimum by taking the derivative of F with respect to a, and substituting the pressure 

















Setting this formula equal to zero to find the radius at which the free energy is minimized 
leads to, 








    (Eq. 3.13) 
 
Using this expression, we can determine Γsep of each device by measuring δ and a of the 
bubble with an AFM for any device that has begun to delaminate (a > a0). This allows 
Γsep to be determined from δ and a without knowing p0, which avoids the long waiting 
times required for devices to reach equilibrium in the pressure chamber. Alternatively, 
the expression can be written including pressure terms, by rearranging and using the 
relationship p0V0 = pint(V0 + Vb), to give 
 






− 𝑝𝑒𝑥𝑡) 𝛿   (Eq. 3.14) 
 
which allows us to measure Γsep by using the charging pressure of the pressure chamber 
p0, plus measured values of δ and a. We will use Eq. 3.13 and Eq. 3.14 extensively in 
chapter 6. 
 As the charging pressure p0 is increased, the radius a of the device will increase. 
We can now understand this in terms of our free energy model by plotting F(a) in Fig. 
3.3a, which shows that the radius of the device changes to minimize the free energy for 
each pressure. As the pressure increases the radius of the device gradually increases. 
Depending on the geometry of the device, the delamination can initially occur via a 





Figure 3.3 a) The free energy F(a) as a function of radius a for different charging pressures 
p0. The grey circles represent the minimum of each curve corresponding to a given pressure 
p0. b) The expected trajectory of the device if the pressure reduces after delamination.  
 
 We can also consider the case that the membrane delaminates followed by a 
reduction in pressure. Under the assumption that the pressure changes very slowly, the 
device would be in quasi-equilibrium at all times. Given this, we would expect the device 
to minimize the free energy at each point as before, and so simply follow the reverse 
trajectory as shown in Fig. 3.4b. After the initial snap-out instability, the pressure reduces 
and the minimum point smoothly moves to a smaller radius until a critical point where 
there is no longer a valley in the free energy diagram. The free energy is then reduced the 
most (at this pressure) by the radius reducing fully to the radius of the cavity. We refer to 





3.3 Membrane re-lamination and adhesion hysteresis  
 
 This model assumes that the adhesion energy remains constant throughout the 
experiment, however it has been found that for a wide range of adhesion phenomena, this 
is not always an accurate assumption. For instance, when a liquid is deposited on a 
surface a droplet will form with a contact angle determined by adhesive forces of the 
liquid and substrate. These are material properties that we would expect to remain 
constant, and so the contact angle should be constant too. If we reduce the volume of the 
droplet with a pipette, we find however that the contact angle does change (Fig. 3.4a), 
which is called contact angle hysteresis. This is analogous to the adhesion hysteresis we 
will explore in chapter 6, where there is a dramatic asymmetry between the geometry of 
our devices depending on whether they are being inflated or deflated. Fig. 3.4b shows 
that upon deflation, a device radius can remain pinned at a fixed radius before snap-in, 
which is contrary to the predictions of the model described in the last section.  
 
 
Figure 3.4 a) Contact angle hysteresis in sessile liquid drop experiment  (Nowak, Combes, 
Stitt, & Pacek, 2013). b) Analogous behavior in delaminated pressurized membranes as the 
pressure is reduced. The radius of the device gradually increased as the device was inflated, 




The goal of this section will be to account for this phenomenon by adding the effects of 
adhesion hysteresis to the previous analysis. We do this by adding some new criteria for 
changes of the device radius Δa,  
 
𝛤 = {
 𝛤𝑎𝑑ℎ , ∆𝑎 < 0
  𝛤𝑠𝑒𝑝, ∆𝑎 > 0
  &        𝛤𝑎𝑑ℎ <  𝛤𝑠𝑒𝑝             (Eq. 3.15) 
 
which determines Γ for re-lamination and delamination respectively. When the 
membrane delaminates it minimizes F as before. But when the pressure reduces, the 
system can no longer lower its energy as much by reducing a, since the adhesion energy 
is smaller with Γ=Γadh. The free energy landscape now looks like Fig. 3.5, which is 
created by plotting Eq. 3.11 with different Γ according to the criteria in Eq. 3.15. In this 
example the device radius initially delaminates to 8 microns, where it remains pinned 
whilst the pressure is reduced due to the local free energy minimum it remains trapped in. 
We call this pinned radius ap. Thus as the pressure reduces, only the deflection δ 
decreases according to Eq. 3.7, which can be seen in Fig 3.4b. When deflating, the radius 
a of the device will only decrease when dF/da >0 for Δa <0 (with Γ=Γadh) in order for 
the free energy to always be minimized. This point occurs when the dashed lines in Fig 
3.5 turn horizontal. From examining Eq. 3.12 and considering that Γadh < Γsep, we can see 
this criterion will only occur when δ has decreased to below a critical value of δ = δc after 
which the device radius can reduce in the form of a snap-in transition. The critical 
deflection δc marks the point where dF/da = 0 for Δa <0 (i.e. Γ=Γadh), and from using Eq. 












   (Eq. 3.16) 
 
is satisfied. This equation allows us to determine Γadh by measuring ap and δc, the 
deflection of the membrane right before re-lamination.  
 
 
Figure 3.5. The modified free energy landscape if Γadh < Γsep. As the device reduces its radius 
its free energy is determined by the dashed lines. The device is now trapped in a free energy 





CHAPTER FOUR: CVD GROWTH AND CHARACTERIZATION 
 
 In this chapter I will describe methods for the large-scale growth of monolayer 
MoS2 crystals. I will also cover how we fabricated devices of suspended MoS2 crystals 
over micro-cavities in SiOx, and the growth optimization methods we used to improve the 
yield of our samples.  
 
4.1 Growing and transferring atomically thin semiconductors 
 
 Graphene and MoS2 monolayers were first isolated using the ‘Scotch tape 
method’ of mechanical exfoliation. The method is simple and low cost, and produces 
very high quality samples. It is, however, time consuming and low yield, and generally 
produces only a handful of atomically thin crystals after several hours of labor. It was 
later discovered (X. Li et al., 2009) that single layer graphene could be reliably grown 
over large areas of copper foil by chemical vapor deposition (CVD), which was an 
essential step towards making graphene an economically viable material for commercial 
applications. Following in the footsteps of graphene, there are now many different CVD 
recipes that have been developed to grow large monolayer domains of MoS2 and other 
TMDs (Zhang et al., 2019), which has facilitated research in the field and demonstrated 





 We initially used the most commonly used growth method of ambient pressure 
CVD, which uses MoO3 and S2 precursors (van der Zande et al., 2013). After the 
membranes grown with this method were transferred to the bulge test geometry described 
in chapter 3 we found that they were permeable to gas, which must be due to the presence 
of defects or tears produced during either the growth or transfer stage. To grow 
impermeable monolayer MoS2, we use a modified version of the growth method 
described in Wu et al., 2013. A powder source of MoS2 is placed in the center of a 
furnace, and a SiOx substrate is placed in a cooler region downstream. The SiOx is 
cleaned with acetone, IPA, water and UV-Ozone for 5 mins immediately prior to the 
growth. The system is pumped down to 10 mTorr to remove any contaminating gases 
after which we flow 60 sccm Ar as a carrier gas, plus 0.065 sccm of O2 and 1 sccm of H2 
gas. The furnace is heated to 900 ºC and held at that temperature for 15 minutes after 
which it is left to cool naturally to room temperature. The O2 and H2 gases are turned off 
after the temperature is below ~650 ºC to avoid any unwanted reactions with the grown 
material.  
 
 We found when using a fresh MoS2 powder source, the first growth tends to 
produce a very low coverage of MoS2 monolayers. When the powder is reused for the 
second and third growths, the coverage is optimum, with growth yields deteriorating for 
subsequent uses. After the third growth run we dispose of the used MoS2 and replace it 





 The process described in Wu et al., 2013 flows only argon gas, and depends on 
the sublimation of MoS2 at the hottest part of the furnace which is carried downstream 
and condenses on the substrate in a cooler region. We found the PVD method to be very 
unreliable and usually produced only small monolayer domains of ~ 20μm side length, 
which were too small for our purposes. The addition of small amounts of oxygen and 
hydrogen greatly improved the yield, leading to a large monolayer coverage with 
triangular grains of side length as large as 150 μm. The likely mechanism for this 
improvement is that the O2 reacts to form either MoO2 or MoO3, thus liberating 2S. 
These molecules then flow downstream to react on the surface of the substrate. This 
method may therefore be analogous to several other methods in the literature in which a 
molybdenum oxide and sulfur powder precursors are used.  
 
 
Figure 4.1 Vacuum furnace set up. Results are improved by adding O2 and H2.  
 
 Membranes produced by our modified CVD technique are highly impermeable to 
gas, and can sustain very high strains across large areas (this will be discussed in chapter 




gas can be used to deform the membranes using the bulge test geometry described in 
chapter 3. An example of a typical triangular domain of monolayer MoS2 can be seen in 
Fig. 4.2a.  
 
 After the growth the MoS2 crystals need to be transferred to the target substrate – 
in our case a SiOx wafer containing RIE etched microcavities. The following transfer 
process is a modified version of that described in Suk et al., 2011. After the growth we 
spin A3 950 PMMA on the growth wafer at 900 rpm, followed by a 5 min bake on a 
hotplate at 90 ºC. This should be done as soon as possible after the growth to avoid any 
degradation of the membranes in air. We then cut a hole in a piece of thermal release tape 
(TRT), which is just smaller than the size of the wafer. The TRT is centered and stuck on 
the wafer, and this stack is then placed in a dish containing ~2” of water. The surface 
tension of the water keeps the stack afloat. The water gradually seeps between the 
PMMA and the SiOx until the wafer drops away, leaving the MoS2 on the PMMA 
window. The TRT (with a PMMA window) is carefully removed without damaging the 
PMMA, and left to dry for > 30mins. The target substrate is thoroughly cleaned in O2 
plasma and UVO (this improves the adhesion to the PMMA) and is placed on a hotplate 
at 120 oC. The TRT is placed on the substrate, where the PMMA melts and sticks to it 
(this can be encouraged by poking it down with some tweezers). If the PMMA doesn’t 
stick down, we increase the temperature until it does (usually 180 ºC is enough for most 
substrates). The TRT should have detached at this point and can be peeled off. The 




200 : 100 sccm to remove the PMMA.  
 
 When our substrates contain microcavities air gets trapped beneath the MoS2 
membranes. The trapped oxygen then destroys the membranes during the annealing 
process. To avoid this, we place the devices in a vacuum desiccator for 2 days after the 
transfer, to allow the oxygen to leak out through the SiOx. A result of a typical transfer to 
microcavities is shown in Fig. 4.2b.  
 
 
Figure 4.2 a) A typical growth of large monolayer MoS2 domains on a SiOx substrate. 
Additional layers tend to grow outwards from the initial crystal seed in the center of each 
grain. b) A transfer to an array of microcavities. The yield can immediately be determined 
using an optical microscope. The colored rings in i) show that these monolayer membranes 
are bulging down and are therefore impermeable. ii) shows the same for a bilayer. iii) shows 
a broken device and iv) shows a suspended device with no Newton rings – this device is 





4.2 Characterizing membrane strength and quality   
 
 The ideal CVD growth would produce perfect monolayer crystals with no crystal 
defects of any kind. The reality is unfortunately much messier. While MoS2 crystals can 
be grown that have the expected Raman and PL signatures, one cannot determine from 
these parameters alone whether the membrane is immaculately crystalline or as holey as 
Swiss cheese. Growth optimization depends on accurate and rapid characterization – 
without this feedback it becomes impossible to know whether tweaks to the growth 
recipe are helping or hindering. This section includes a few possible characterization 
techniques to aid the process of getting this feedback and refining the growth method.  
 
Transfers to microcavities 
 
 The most useful method for the purposes of this thesis was to transfer membranes 
to arrays of micro-cavities and to measure the yield of suspended and impermeable 
devices that survive the transfer process. This yield can be determined within a couple of 
minutes after growth by using an optical microscope to count the number of devices that 
have a tell-tale Newton ring pattern, as shown in Fig 4.2b. These rings are produced by 
interference when the membrane is bulged down towards the bottom of the cavity. The 
membranes are only bulged down when there is a vacuum pressure within the cavity 
(produced during the vacuum anneal), and this vacuum can only be maintained if the 




gases across the membranes after growth. Tweaking growth parameters to optimize the 
yield of such devices is a good way to get membranes that are of high mechanical 
strength and that contain few large pores or tears.  
 
Membrane gas permeability  
 
 For a closer examination of the density of nanoscale pores, one can also measure 
the exact permeability of these devices by measuring the leak rates out of the cavities for 
a set of different gas species. Fig. 4.3a shows the how the maximum membrane 
deflection δ slowly reduces when gas leaks out of a sealed microcavity. Using the 
Hencky model described in chapter 3, we can derive the rate at which gas molecules are 
leaving the sealed micro-cavities. By comparing to data presented in Koenig et al., 2012, 
we found that the best MoS2 membranes measured had a permeability roughly equivalent 
to that of pristine graphene (Fig 4.3b). This suggests a complete absence of even sub-
nanometer scale defects, however the PMMA residue introduced during the MoS2 dry 
transfer may be blocking any pores that are present, which would render them invisible 
with this method. Data like that in Fig. 4.3 however, does prove the absence of the larger 






Figure 4.3 a) Most devices measured had extremely low gas permeabilities, so that devices 
left out in ambient conditions remained inflated for several months. Different colors 
represent different devices. b) Gas permeability plotted against gas molecular size. We 
compare the CVD grown MoS2 membranes to the pristine and nanoporated graphene 
samples presented in Koenig et al., 2012. The data suggests CVD grown MoS2 has a 
permeability roughly comparable to pristine graphene.  
 
Photoluminescence spectroscopy  
 
 Finally, the PL can be used to give some indication of the defect density of the 
grown membranes by monitoring the intensity of the PL peak in monolayer crystals. O2 
or N2 molecules can adsorb to and react with MoS2, forming defects which change the 
doping level of the crystal and provide stable binding sites for excitons to avoid non-
radiative recombination (Nan et al., 2014), and thus enhancing the PL intensity. S2 or Mo 
vacancies or substitutions also dope the crystal (Suh et al., 2014), which can also affect 
the PL intensity (Lien et al., 2019). Therefore, very high or very low PL signals indicate 
that there may be a high density of defects of one of these kinds. For instance, Fig. 4.4 




and N2 molecules to be present during growth, which resulted in a PL intensity which is 
more than an order of magnitude larger than seen in normal growths or exfoliated 
samples. 
 
 Samples with such an enhanced PL were found in general to produce a much 
lower yield of suspended impermeable membranes, likely because the increased defect 
density was causing this PL enhancement. PL spectroscopy can therefore be a handy way 
to discard abnormal samples early and to indicate leaks in the system. This method 
should be used with caution however, since the PL intensity is sensitive to a range of 
competing influences, and so is best used to check only that the PL intensity is not 
egregiously abnormal.   
 
 
Figure 4.4 The PL enhancement of membranes that were exposed to additional O2 and N2 
gas during growth. The PL intensity of the black curve saturated the detector – the dashed 




Transmission electron microscopy 
 
 Transmission electron microscopy (TEM) has the resolution to resolve individual 
atoms in a crystal, so can be used to accurately measure the crystal defect density. By 
transferring MoS2 samples to SiNx chips with through-holes, we could use TEM to 
confirm that our crystals are largely free of defects Fig. 4.5a, although some single atom 
vacancies could be detected Fig. 4.5b. There were also occasionally much larger defects 
such as Fig. 4.5c, which take on shapes corresponding to the symmetry of the crystal.  
 
 
Figure 4.5 a) TEM image of CVD grown monolayer MoS2. There are some single atom 
vacancies (b) and in some samples are larger nm scale defects (c). The white dots are Mo or 
S atoms in a hexagonal lattice, with the white haze caused by hydrocarbon contamination 
stuck to the surface of the membrane. 
 
 Unfortunately, the long preparation time and scarce access to TEM’s means that 
this characterization method is in most cases impractical, at least for the initial 
optimization. Many hundreds of growths are required to dial in the good parameters, so 




4.3 Optimized growth parameters and troubleshooting 
 
 Sometimes projects may be better suited to different growth parameters. Here is a 
short guide to tweaking the gas flow parameters of the growth to get growths of either i) 
large individual grain size ii) large monolayer coverage or iii) high mechanical strength 
membranes. 
 
i) Large individual grain size 
 
Ar : O2 : H2 : (N2) 
60 : 1.5 : 1 : (0.025) sccm 
 
Adding lots of O2 always results in a much larger deposition of material on the SiOx 
wafer. Individual grains of many 100’s of microns in side length can be grown this way. 
Membranes grown with these settings have a very high PL intensity, due to doping likely 
produced by defect sizes introduced by the O2, and also tend to be mechanically weak. 
 
One can also add a small amount of N2 which seemed to encourage large monolayer 
grain sizes. 
 
ii) High monolayer coverage 
 
Ar : O2 : H2 
60 : 0.065 : 10 sccm 
 
As monolayer MoS2 grows outward from the nucleation point, additional layers 
frequently begin to seed above the initial layer and form a terraced multilayer structure. 
We found that adding more H2 suppresses the growth of the additional layers, resulting 





The downside is that the apparently continuous film actually consists of fairly small 
grains (<10 μm). The film is very weak at the grain boundaries, which nearly always 
break if suspended over a cavity. 
 
 
iii) High mechanical strength 
 
Ar : O2 : H2 
60 : 0.065 : 1 sccm 
 
We settled on these parameters by optimizing for the highest yield of suspended and 
impermeable devices after transfer to an array of microcavities (described in the last 
section). These settings produce a fair amount of multilayer MoS2, but targeting a higher 
monolayer coverage reduced the overall yield of suspended membranes. 
 
I found the best strategy for improving the membrane yield strength was to add as little 
O2 as possible (while still retaining a workable growth coverage), in order to reduce the 
number of crystal defects caused by oxidation. 
 
 
 In normal operation the CVD growths should be quite reliable. The best way to 
ensure consistency is to make sure anything that goes in and out of the tube is clean, and 
to be vigilant for signs of any air leaks in the system. Replacing the tube and fixing leaks 
is time consuming and should be avoided as much as possible. Below is a troubleshooting 
table to get the system up and running quickly if problems appear, and also some fixes 





Growth troubleshooting table 
Problem Solution 
 
No growth / very small 
monolayer growth yield 
 
The most likely cause is a leak somewhere in the system, 
particularly at the seals between the quartz tube and the CF flange 
adapters. Use He leak tester to check for leaks.  
 
This can also happen when the MoS2 powder source is old. Try 
using freshly bought powder, and always store it in a vacuum 
desiccator. 
 
Another cause is that there is too much growth material deposited on 
the tube at the downstream end of the furnace. Every few 
weeks/months you can shift the furnace a couple of inches upstream, 
so the growth substrate is in an area of clean quartz again. Then see 
the next problem... 
 
 
Low yield after 
changing tube or 
shifting furnace 
 
The deposited MoS2 on the quartz tube seems to be necessary to get 
the best growths. The clean tube needs to be ‘worn in’ by doing a 
growth with a 30 min hold at 900 ºC. Replace the powder after this 




material (colored rings, 
speckles etc) are 
deposited all over the 
sample   
 
Contamination is getting in the tube. Anything going inside the tube 
(substrate, the crucible, and the sample rod) must be kept clean. If 
the problem persists with the cleanest substrate, try cleaning the tube 
and crucible with O2 annealing. Flow 0.6 sccm O2 and 20 sccm Ar at 
1000 ºC in vacuum for about an hour. Contaminants should be 
picked up and condense downstream.  
 





Transfers trouble shooting table 
Problem Solution 
PMMA window doesn’t 
stick to the target substrate 
 
Clean the substrate thoroughly in O2 plasma at a high power, 
then (if possible) do UVO treatment right before transfer.    
 
Increase the hotplate temperature. The cost of doing so is that 
the higher temperatures cause the PMMA to become more fluid, 
which can result in more stretching/tearing/crumpling of the 
membranes during the transfer.  
 
PMMA window breaking 
easily due to e.g. the water 
surface tension 
 
Spin a thicker layer of PMMA (700rpm – 1200rpm is a good 
range to consider.  
 
PMMA residue is not fully 
removed by annealing 
 
Check the PMMA bottle isn’t expired or contaminated 
 
The PMMA window 
doesn’t peel off the growth 
wafer 
 
Do the transfers soon after the PMMA has dried. It seems to 
stick to the wafer more if left for a few days.  
 
Membranes keep breaking  
Check for wrinkles and tears in the transferred membranes, 
which suggest the PMMA is stretching too much during the 
transfer.  
 
Check the membranes in an optical microscope before the 
transfer whilst they are still on the PMMA windows. With the 
right PMMA thickness they should be visible. You can then 
check if they are already damaged by this point in the procedure.   
 
Modify growth parameters (see above) 
  




CHAPTER FIVE: BAND GAP ENGINEERING WITH ULTRA-LARGE 
BIAXIAL STRAINS IN SUSPENDED MONOLAYER MOS2 
 
 In this chapter we will demonstrate the continuous and reversible tuning of the 
optical band gap of suspended monolayer MoS2 membranes by as much as 500 meV by 
applying very large biaxial strains. By using chemical vapor deposition (CVD) to grow 
crystals that are highly impermeable to gas, we are able to apply a pressure difference 
across suspended membranes to induce biaxial strains. We observe the effect of strain on 
the energy and intensity of the peaks in the photoluminescence (PL) spectrum, and find a 
linear tuning rate of the optical band gap of 99 meV / %. This method is then used to 
study the PL spectra of bilayer and trilayer devices under strain, and to find the shift rates 
and Grüneisen parameters of two Raman modes in monolayer MoS2. Finally, we use this 
result to show that we can apply biaxial strains as large as 5.6% across micron sized 
areas, and report evidence for the strain tuning of higher level optical transitions.   
 
5.1 Introduction  
 
 The ability to produce materials of truly nanoscale dimensions has revolutionized 
the potential for modulating or enhancing the physical properties of semiconductors by 
mechanical strain (J. Li, Shan, Ma, & Editors, 2014). Strain engineering is routinely used 
in semiconductor manufacturing, with essential electrical components such as the silicon 




(Adams, 2011; Y. Sun, Thompson, & Nishida, 2007). Nano-structured materials are 
particularly suited to this technique, as they are often able to remain elastic when subject 
to strains many times larger than their bulk counterparts can withstand (T. Zhu & Li, 
2010). For instance, bulk silicon fractures when strained to just 1.2%, whereas silicon 
nanowires can reach strains of as much as 3.5% (Lugstein, Steinmair, Steiger, Kosina, & 
Bertagnolli, 2010). Parameters such as the band gap energy or carrier mobility of a 
semiconductor, which are often crucial to the electronic or photonic device performance, 
can be highly sensitive to the application of only small strains. The combination of this 
sensitivity with the ultra-high strains possible at the nanoscale could lead to an 
unprecedented ability to modify the electrical or photonic properties of materials in a 
continuous and reversible manner.  
 
 Monolayer MoS2, a 2D atomic crystal, has been shown in both theory (T. Li, 
2012; Steinhoff et al., 2015) and experiment (Castellanos-Gomez et al., 2013; Conley et 
al., 2013b; He, Poole, Mak, & Shan, 2013; Plechinger et al., 2015; Yeung Yu Hui, 
Xiaofei Liu, Wenjing Jie, Ngai Yui Chan, Jianhua Hao, Yu-Te Hsu, Lain-Jong Li, 
Wanlin Guo, 2013) to be an ideal candidate for strain engineering. It belongs to the class 
of 2D transition metal dichalcogonides (TMD’s), and as a direct-gap semiconductor (Mak 
et al., 2010) has received significant interest as a channel material in transistors 
(Radisavljevic, Radenovic, Brivio, Giacometti, & Kis, 2011a), photovoltaics (Tsai et al., 
2014) and photodetection (H. S. Lee et al., 2012) devices.  It has a breaking strain of 6-




limit (Bertolazzi, Brivio, & Kis, 2011) and classifies it as an ultra-strength material. Its 
electronic structure has also proven to be highly sensitive to strain, with experiments 
showing that the optical band gap reduces by ~50 meV / % for uniaxial strain (Conley et 
al., 2013b; He et al., 2013), and is predicted to reduce by ~100 meV / % for biaxial strain 
(Peelaers & Van De Walle, 2012; Scalise, Houssa, Pourtois, Afanas&apos;ev, & 
Stesmans, 2012). This reversible modulation of the band gap could be used to make 
wavelength tunable phototransistors (H. S. Lee et al., 2012), or MoS2 strain sensors that 
have a sensitivity comparable to their state of the art silicon counterparts (Manzeli, 
Allain, Ghadimi, & Kis, 2015b). Moreover it has been suggested that strain could also 
improve the performance of MoS2 transistors (S. Yu, Xiong, Eshun, Yuan, & Li, 2015), 
or could be used to create broadband light absorbers for energy harvesting (Ji Feng, Qian, 
Huang, & Li, 2012). 
 
 The effect of strain on the band gap of 2D TMD’s has been reported in a number 
of studies (Castellanos-Gomez et al., 2013; Conley et al., 2013b; Manzeli et al., 2015b; 
Nayak et al., 2014; Plechinger et al., 2015; Roldan, Castellanos-gomez, & Cappelluti, 
2015; Yeung Yu Hui, Xiaofei Liu, Wenjing Jie, Ngai Yui Chan, Jianhua Hao, Yu-Te 
Hsu, Lain-Jong Li, Wanlin Guo, 2013), including uniaxial strains of up to ~4 % (Y. 
Wang et al., 2015) and biaxial strains of up to ~3 % produced in highly localized sub-
micron areas (H. Li et al., 2015). Band gap shifts in MoS2 of ~300 meV have been 
induced by using very large hydrostatic pressures (Nayak et al., 2015), and tensile strain 




combination being both an ultra-strength material and having a band gap highly sensitive 
to strain imply that a much larger band gap tuning must be possible. By contrast, tensile 
strain has been used to reduce the band gap by as much as 290 meV in 1D nanowires 
(Signorello, Karg, Björk, Gotsmann, & Riel, 2013). 
 
 In this paper, we use a geometry which allows us to take the first measurements of 
the Raman mode and band gap shift rates of suspended MoS2 membranes under large 
biaxial strains, and study single and multilayer samples prepared by both CVD and 
mechanical exfoliation. We conclude that micron scale CVD grown monolayer MoS2 can 
be biaxially strained by over 5% resulting in an optical band gap reduction of ~500 meV, 
or over 25%. 
 
5.2 Device geometry  
 
 Our geometry exploits the fact that monolayer MoS2, like graphene, is 
impermeable to all standard gases (Bunch et al., 2008). By applying a pressure difference 
across a MoS2 membrane suspended over a cylindrical cavity (Fig. 5.1a) a bulge is 
formed, and this deformation produces a biaxial strain at the center of the device. To 
fabricate our devices, we first suspend MoS2 films over cylindrical micro-cavities etched 
into a SiOx/Si substrate by the transfer of CVD grown MoS2 using a PMMA transfer 
method (Suk et al., 2011). Fig 5.1b shows a typical transfer with a high yield of 




details) which produces highly impermeable monolayer membranes. With our best 
growths, a single transfer can produce several hundred suspended monolayer devices 
which are impermeable to the larger gas species.  
 
 
Figure 5.1 a) Device schematic. b) A typical sample of CVD grown MoS2 membranes 
suspended over cylindrical cavities after transfer (scale bar is 20 μm). c) An AFM cross 
section of a device at various pint, resulting in different biaxial strains at the center of the 
device. Devices can be bulged up or down depending on whether Δp is positive or negative.  
 
 Fig. 5.1c shows atomic force microscopy (AFM) cross sections of one of these 
devices under ambient external pressures (pext = patm) but with increasing internal 
pressures (pint), resulting in increasing center membrane deflections δ. The device can be 
bulged up (δ > 0) or down (δ < 0) depending on whether the pressure difference across 
the membrane, Δp = pint – pext, is positive or negative. We vary pint by placing the devices 




silicon oxide substrate and into the sealed micro-cavities. They are left there for several 
days until pint equilibrates with the pressure of the N2 gas (Bunch et al., 2008). After the 
devices are removed from the chamber, the new pint results in a different δ and biaxial 
strain ε in the center of the device.  
 
 Following Hencky’s model for circular, pressurized membranes with a negligible 
bending stiffness (Fichter, 1997), the biaxial strain produced at the center of the device 
can be written as,  





    (Eq. 5.1) 
 
where σ(ν) is a numerical constant which depends only on Poisson’s ratio ν (see 
supporting information). For MoS2 we take the value of  𝜈 = 0.29 (Cooper et al., 2013), 
resulting in 𝜎 = 0.709. This model has been shown to accurately describe graphene 
membranes in this geometry  (Koenig et al., 2011). We can therefore measure ε at each 
pint by using an AFM to find δ and a, and by varying the magnitude of pint we can take 
optical measurements of the band gap and Raman shifts over a range of known strains.   
 
5.3 Strain tuning the band gap and Raman modes 
 
 We first studied the effect of strain on the PL of CVD and mechanically 
exfoliated monolayer devices, and Fig. 5.2a shows the PL spectra of a monolayer device 




corresponding to a strain of ~2%, and at successive pressures a PL, Raman and AFM 
measurement was taken. At higher pint, the membranes begin to delaminate from the 
surface as the force from Δp overcomes the adhesion to the substrate (Koenig et al., 
2011), which limits the maximum possible strain with Δp > 0 to ~2%. Membranes in this 
geometry may slide at the edge of the well under high pressure (Kitt et al., 2013), 
however we only present data for devices which show no evidence of significant sliding 
(see appendix Fig. A1). For optical measurements we used a 532 nm laser with a spot 
size of ~ 1 μm in diameter. Our devices were 8 μm in diameter, allowing us to focus the 
laser spot only on the region of biaxial strain in the center of the device. We observed that 
the PL peak redshifted with increasing strain and also rapidly decreased in intensity, 
consistent with previous work (Conley et al., 2013b) and theoretical predictions 






Figure 5.2 a) The PL spectra for monolayer MoS2 at different biaxial strains corresponding 
to different pint, and the relationship between strain and A peak intensity (inset). Intensities 
are normalized to the A1g Raman peak. b) The peak positions of the A (red), A- (blue) and B 
(green) excitons as a function of biaxial strain for CVD (crosses) and exfoliated (triangles) 
monolayer devices. The peaks were fitted using three Voigt functions. c) The E12g and A1g 
Raman modes for unstrained MoS2 (inset) and peak positions as a function of biaxial strain. 
Colors represent different devices. d) A bilayer PL spectrum, and the peak positions of the 
A, B and indirect I peak as a function of biaxial strain for exfoliated bilayer and trilayer 
devices. 
 
 Each spectrum in Fig. 5.2a contains peaks resulting from the decay of the 
neutrally charged A and B excitons at approximately 1.89 eV and 2.05 eV respectively 
(Mak et al., 2010), which form when electrons are excited across the direct band gap at 




a third peak (A-) centered at 1.86 eV (Mak et al., 2013) which results from the decay of 
negatively charged trions which form when additional conduction band electrons bind to 
A excitons. To determine how all three peaks were affected by strain, we fitted three 
Voigt functions to each of our PL spectra (Fig. 5.2b inset), and plotted the peak position 
of the A-, A and B peaks in Fig. 5.2b. We found there was no difference in the shift rate 
between exfoliated and CVD grown devices, and that all three peaks had an 
approximately equal peak shift rate of -99 ± 6 meV / % which agrees well with 
theoretical predictions of 105 meV / % (Plechinger et al., 2015). 
 
 We also took a corresponding Raman spectrum at each pint, so we can similarly 
find the shift rate of the Raman modes with strain (Fig. 5.2c). The two characteristic 
peaks of unstrained MoS2, relating to in-plane (E
1
2g) and out-of-plane (A1g) vibrations, 
are found at 385 cm-1 and 405 cm-1 respectively. By fitting a Voigt function to each 
mode, we found that the modes shifted linearly at a rate of -1.7 cm-1/% for the A1g, and -
5.2 cm-1/% for the E12g which agrees well with theoretical predictions (Scheuschner et al., 
2014) and previous experiments (H. Li et al., 2015). The differences in these values to 
those found in hydrostatic pressure studies (Bandaru et al., 2014) (in which the A1g mode 
has the higher shift rate) is likely due to the different type of deformation applied in the 
two cases. Using the formula (Zabel et al., 2012) γ = [ω − ω0]/[2εω0], we determine the 
Grüneisen parameters modes to be 𝛾E2g1 = 0.68 which agrees well with the value of 𝛾E2g1 = 
0.68 and 𝛾𝐴1𝑔= 0.21, which are also in good agreement with the values found in earlier 




peak is known to vary with doping (Chakraborty et al., 2012), however as this is not the 
case with the more strain sensitive E12g mode, its peak position can be used as a reliable 
way to measure the internal strain of monolayer MoS2.  
 
 Multilayer MoS2 is also a promising material for strain based applications 
(Manzeli et al., 2015b), so we used the same procedure to take strain and optical 
measurements of one bilayer device and five trilayer devices prepared by mechanical 
exfoliation. For these devices we again observed the Raman mode softening for both 
peaks (Fig. 5.2c), but with smaller shift rates than were seen for monolayers (see Table 
5.1). The PL spectrum of multilayer MoS2 is distinguished from that of monolayers by 
the presence of a large additional peak resulting from indirect gap emission (Mak et al., 
2010), referred to as the I peak. The peak positions for the I, A and B peaks are plotted 
against strain in Fig. 5.2d. We determined the A peak shift rate to be -91 meV/% for 
bilayers and -73meV/% for trilayers. The indirect I peak shifted considerably faster than 





E12g mode shift rate 
(cm-1 / %) 
A1g mode shift rate 
(cm-1 / %) 
Monolayer -5.2 -1.7 
Bilayer -4.2 -1.3 
Trilayer -3.0 -0.7 
Table 5.1  Raman mode shift rates for each membrane thickness. A comparison of the 
strain dependencies of the Raman modes that we observed in Fig. 5.2c. These results show 
that both modes are less strain sensitive with increasing membrane thickness, an effect 




 The strain field we apply across our membranes is inhomogeneous (see chapter 3, 
Fig. 3.1b), which should produce a spatially varying band structure across our devices. 
To confirm this, we took a PL map of a strained device and plotted the peak position of 
the A peak at each pixel in Fig. 5.3a. We also plot line cuts through the center of the 
device along the axial and diagonal directions (Fig. 5.3b). The band gap is redshifted to 
~1.7 eV at the center of the device where the membrane is subject to a pure biaxial strain. 
Around the edge of the device the strain becomes approximately uniaxial along the radial 
direction, which results in a lower band gap shift due to the smaller uniaxial band gap 
tuning rate in MoS2. These results demonstrate that our device geometry produces an 
energy gradient which could allow excitons produced around the edge of the device to be 
funneled towards the lower energy region at the center of the device (Ji Feng et al., 2012; 
Harats, Kirchhof, Qiao, Greben, & Bolotin, 2020). 
 
 
Figure 5.3 a) A PL map of a device with pint ~ 0.75 MPa and pext = 1 atm, with colors 
representing the A peak position. b) Line cuts through the center of the device along the x, 




5.4 Applying Ultra-large Strains  
 
 To overcome the limitation in the magnitude of the applied strain imposed by 
delamination when Δp > 0, we can instead increase pext of the devices which deflects the 
membrane downwards. To do this, the devices were placed in a custom-built pressure 
chamber with a sapphire window which allows optical measurements to be taken at 
various pext (Kitt et al., 2013). The internal pressures of the cavities were pint = 0, as the 
devices had been left to equilibrate in a vacuum chamber for several days prior to 
measurements. By pressurizing the chamber with N2 gas, the greater -Δp across the 
membrane deflects it further downwards and produces an increased biaxial strain at the 
center of the device. 
 
 
Figure 5.4 In-situ measurements of a) PL spectra for a monolayer device (scaled for 
comparison with ticks marking A peak position), with the largest pressure difference 
representing ~5 % strain. b) Raman spectra at increasing chamber pressures. Labels refer 
to the negative pressure difference –Δp across the membrane, and Raman peaks are 





 Fig. 5.4a shows the PL spectrum as Δp is varied from 0 to -1.45 MPa. As before, 
the A peak redshifts with increasing strain, and also rapidly decreases in intensity. The A 
peak intensity decreased faster than the B peak, so at the largest strains the peaks were of 
a comparable intensity. At high strains, very long exposure times are required to perceive 
these features above the background noise. As determined from the energy shift of the A 
peak, we find that we can shift the band gap in this manner by as much as 500 meV.  
 
 At each pext a Raman spectrum was also taken along with its corresponding PL 
spectrum. The data is normalized to the silicon peak and plotted in Fig. 5.4b. We saw the 
softening of both modes with increasing strain as before, and also observed the strain 
tuning of the second order 2LA(M) mode (H.-L. Liu et al., 2015) (Fig. 5.5b). Due to the 
changing deflection of the bulge with pressure, the optical interference between light 
scattered off the membrane and light reflected off the silicon substrate is altered, which 
produces the oscillatory behavior in both the peak intensities with increasing pressure 
(see appendix A3). As strains are increased, we observe a dramatic increase in the 
intensity of the E12g mode relative to A1g mode (Fig. 5.5a), which is an effect not reported 






Figure 5.5 a) The Raman intensity ratio E12g/ A1g for bulged up (black triangles) and bulged 
down (colored crosses) devices. b) A zoomed in version of Fig. 5.4b to highlight the 2LA(M) 
mode.  
 
 Finally, by assuming the linear relationship we found earlier between the E12g 
Raman mode and biaxial strain holds at the higher strains we are now considering, we use 
the position of the strain sensitive E12g peak to determine the biaxial strain that was 
produced at each pext in Fig. 5.4, and we can therefore determine the strain in our devices 
by optical measurements only.  
 
 The A peak position is plotted against this strain in Fig. 5.6a, showing that biaxial 
strains as high as 5.6% can be achieved before membrane rupture. The relationship 
between the band gap shift and strain remains approximately linear at these high strains 
with a shift rate of 92 ± 6 meV/%, which is consistent with our earlier findings of 99 ± 6 






Figure 5.6 a) The A peak position of the PL spectrum plotted against the strain as 
determined from the E12g peak shift. In this case we fitted a single curve to the A peak 
feature, as the large decrease in PL intensity meant that the individual A and A- peak 
contribution could not be resolved. Different colors represent different devices. b) The ratio 
of the integrated intensities of the E12g and A1g modes normalized to the silicon peak and 
plotted against strain. The expected intensity modulation due to interference is also plotted 
for comparison. 
 
 We also plot the integrated intensities of both peaks (normalized to the silicon 
peak) against the strain as determined by the E12g peak position (Fig. 5.6b). At the highest 
strains, there was a three-fold enhancement of the A1g peak, and more than a twenty-fold 
enhancement of the E12g peak. By using the Fresnel equations to model the effects of 
optical interference on our measurements due to the changing δ with pressure (Fig. 5.6b 
bottom panel and appendix A3), we find that interference effects cannot explain these 
enhancements, nor the relative enhancement of E12g over A1g. We also rule out the 
changing curvature of our devices when strained as the source of this intensity increase 





 Similar enhancements of the Raman peak intensities have been observed when 
laser excitation energies are resonant with an electronic transition (Carvalho, Malard, 
Alves, Fantini, & Pimenta, 2015, 2016; H.-L. Liu et al., 2015). Here, we maintain a 
constant laser energy of 2.33 eV, however as biaxial strain induces large changes to the 
electronic band structure, some transition energies may be moved closer to resonance 
with the laser excitation energy. We therefore attribute the increase in intensity of both 
peaks relative to the silicon peak, and the enhancement of E12g / A1g, to resonant Raman 
scattering resulting from the strain tuning of a higher level energy transition to be in 
resonance with the laser. A likely candidate for this transition is the C exciton at ~2.8 eV 
(Carvalho et al., 2015, 2016; Yiling Yu et al., 2015), since the redshift required to lower 
its energy to resonance with our laser would be ~500 meV, a value consistent with the 
shift of the A peak at our highest strains. These results demonstrate not only that CVD 
grown monolayer MoS2 films can withstand the remarkably high strains of 5.6% over 




 The ability to continuously and reversibly modulate the optical band gap of 
monolayer MoS2 by up to 25% allows significant control over the optical and electrical 
properties of the material, an effect which could be used to produce sensitive 
piezoresistive pressure sensors or broadband light absorbers. We also grew atomically 




pressure differences across them, suggesting that CVD grown MoS2 could be promising 
as a gas separation membrane. The method used in this work may be extended to study 
the effects of biaxial strain on other 2D semiconducting materials, and could also be used 
to determine the effects of very high strains on other strain dependent phenomena, such 
as magnetism (Manchanda, Sellmyer, & Skomski, 2015), chemical adsorption (Kou, Du, 




CHAPTER SIX: ADHESION, STIFFNESS, AND INSTABILITY IN 
ATOMICALLY THIN MOS2 BUBBLES 
. 
 In this chapter we measure the work of separation of single and few-layer MoS2 
membranes from a SiOx substrate using a mechanical blister test, and found a value of 
220 ± 35 mJ/m2. Our measurements were also used to determine the 2D Young’s 
modulus (E2D) of a single MoS2 layer to be 160 ± 40 N/m. We then studied the 
delamination mechanics of pressurized MoS2 bubbles, demonstrating both stable and 
unstable transitions between the bubbles’ laminated and delaminated states as the bubbles 
were inflated. When they were deflated, we observed edge pinning and a snap-in 
transition which are not accounted for by the previously reported models. We attribute 
this result to adhesion hysteresis and use our results to estimate the work of adhesion of 




 Adhesive forces play an important role in shaping the mechanical behavior of 
atomically thin materials such as graphene or molybdenum disulfide, MoS2. These forces 
keep the material clamped to the substrate, and also influence how the membrane folds 
(Cranford, Sen, & Buehler, 2009), slides (Suzhi Li et al., 2016), and peels (Annett & 
Graham, 2016). An understanding of adhesion in these materials is important in the 




devices (Akinwande, Petrone, & Hone, 2014), graphene origami (Cranford et al., 2009; 
Ebbesen & Hiura, 1995), graphene separation membranes (Koenig et al., 2012), and 
stacked heterostructures formed from 2D materials. Atomically thin crystals may also 
provide a fruitful system in which to study novel features of friction and adhesion present 
only at the nanoscale (Carpick & Salmeron, 1997; Koren, Lörtscher, Rawlings, Knoll, & 
Duerig, 2015; C. Lee, Li, et al., 2010; Suzhi Li et al., 2016). In terms of device 
performance, adhesive forces determine the maximum strain 2D materials can support 
which is important in designing stretchable electronic devices (W. Wu et al., 2014) and 
pressure sensors (Smith et al., 2016).  
 
 The study of bubbles formed by atomically thin sheets has proven to be useful for 
discovering the adhesive and mechanical properties of these materials, and has allowed 
measurements of the adhesion energies (Koenig et al., 2011), friction coefficient (Kitt et 
al., 2013), and Young’s modulus of graphene and other 2D materials (Khestanova, 
Fumagalli, Geim, & Grigorieva, 2016). In particular, Koenig et al. used a mechanical 
blister test to measure the adhesion energy between graphene and SiOx of ~450 mJ/m
2. 
Like graphene, atomically thin MoS2 is a mechanically exceptional material (Cooper et 
al., 2013), whilst also being piezoelectric (W. Wu et al., 2014; H. Zhu et al., 2014) and a 
direct gap semiconductor with a highly strain sensitive band gap (Castellanos-Gomez et 
al., 2013; Conley et al., 2013b; He et al., 2013; Lloyd et al., 2016). A good understanding 




importance to this material which has applications involving the interplay between 
adhesive and tensile forces.   
 
6.2 Device geometry  
 
 In this paper, we measure the work of separation (sometimes referred to as the 
adhesion energy) between MoS2 and the substrate by employing the same geometry as 
used in our previous work (Bunch et al., 2008; Koenig et al., 2011, 2012), in which we 
suspend mechanically exfoliated or chemical vapor deposition (CVD) grown membranes 
over cylindrical microcavities etched into a silicon oxide (SiOx) substrate (Fig. 6.1a and 
1b). The devices are then placed in a pressure chamber filled with a gas of pressure p0, 
which gradually leaks into the cavities through the SiOx substrate until the internal 
pressure pint reaches that of the chamber (pint = p0). We used either N2, Ar, H2 or He gas 
which allowed us to choose a convenient leak rate of the gas into the microcavities. When 
the devices are removed from the pressure chamber the internal pressure (pint) is greater 
than the external pressure (pext = 1 atm), and this pressure difference (Δp = pint – pext  > 0) 
causes the membrane to bulge up (Fig. 6.1c and d). For each charging pressure p0 we 
measure the deflection δ and radius a of the bubble using an atomic force microscope 
(AFM) after which the devices are returned to the pressure chamber at a higher p0 and the 
process is repeated. We fabricated devices of 1-3 layer thickness by mechanical 
exfoliation, and made monolayer devices from CVD grown MoS2 using a PMMA 




CVD samples N1-6, with each containing many individual devices. The SiOx substrates 
were O2 plasma cleaned prior to transfer.  
 
 
Figure 6.1 a) Microscope image of a delaminated device (scale bar is 5μm). b) Device 
schematic. c) AFM image and d) AFM cross sections. e) Deflection δ and f) radius a plotted 
against input pressure p0. Inset microscope images show a device before and after snap-out 
(scale bar is 5μm). 
 
 As can be seen in Fig. 6.1d-f, increasing p0 causes δ to increase with a initially 
remaining pinned at the radius of the cylindrical microcavity, a0. After a critical pressure 
is reached (p0 ~ 600 kPa), the force from the pressure difference across the membrane 
overcomes the adhesive forces keeping the membrane clamped to the substrate, and 




μm. After the snap-out transition, both a and δ continue to gradually increase as p0 is 
increased. 
 
6.3 Finding the Young’s modulus and the work of separation 
 
 We begin by using our values for p0, δ and a to determine the Young’s modulus 
of MoS2 with a formula developed in Hencky’s model for clamped pressurized 
membranes (Fichter, 1997), which relates the pressure difference across the membrane 
Δp to the deflection δ and radius a by the formula, 
 




         (Eq. 6.1) 
 
with a Poisson’s ratio ν = 0.29 (Cooper et al., 2013), numerical constant K(υ) = 3.54 and 
a two dimensional Young’s modulus E2D equal to the bulk Young’s modulus multiplied 
by the thickness of the material. The pressure difference, Δp, is calculated from p0 by 
assuming isothermal expansion of a fixed number of ideal gas molecules from the initial 
volume of the cavity (V0) to its final volume (V0 + Vb), such that p0V0 = pint(V0+Vb). From 
Hencky’s model, the volume created beneath the bubble can be found from the device 
geometry using the expression Vb = C(υ)πa
2δ, and a numerical constant C(ν)= 0.522. We 
neglect the effect of the membrane pre-tension (see appendix B1 for details).  
 




trilayer flakes containing 2 and 16 devices respectively. Fig. 6.2a shows a plot of Δp 
against K(v) δ3/a4 for each of our CVD monolayer and bilayer devices in sample N2, 
including linear fits which are used to determine E2D for each device. The E2D of each 
device in these samples is plotted in Fig. 6.2b. In Fig. 6.2c we plot the mean E2D for each 
sample divided by the number of layers n in the membranes in order to compare 
estimates for the E2D of a single MoS2 layer. Error bars represent the standard deviation. 
 
 
Figure 6.2 a) Plots for CVD monolayer and bilayer devices (different symbols/colors 
represent each device), with linear fits (dashed lines) used to find E2D. b) E2D for each device 
in our exfoliated samples, and three of our CVD samples (N1-3) c) E2D divided by number of 
layers n for each sample. Data points and error bars represent the mean and standard 
deviation respectively for each sample. Results from nanoindentation measurements in 
references 16, 28 and 29 are plotted for comparison.  
  
 For our exfoliated devices we find an average E2D per layer of 190 ± 35 N/m, and 
for our CVD grown MoS2 monolayers we find an average E2D of 128 ± 20 N/m. There is 
a low variance of E2D within each CVD grown sample, however there is a significant 
difference between the average E2D for each CVD sample. The discrepancy between 




differences in defect densities (López-Polín et al., 2015; Zandiatashbar et al., 2014) 
which occur during CVD growth, as an increased sulfur vacancy density (Hong et al., 
2015) is predicted to lower E2D in MoS2 (Gan & Zhao, 2014). The average of all our 
exfoliated and CVD grown samples is 160 ± 40 N/m, which falls within the same range 
of values as found in previous studies (Bertolazzi et al., 2011; Cooper et al., 2013; K. Liu 
et al., 2014), which we plot in Fig. 6.2c for comparison.  
 
 We next determined the work of separation, Γsep, using our values for p0, δ and a, 
and a free energy model described in detail by others (Boddeti et al., 2016; Wan & Mai, 





+ Г𝜋(𝑎2 − 𝑎𝑜
2) − 𝑝𝑜𝑉𝑜 𝑙𝑛 [
𝑉𝑜+𝑉𝑏
𝑉𝑜
] + 𝑝𝑒𝑥𝑡𝑉𝑏 (Eq. 6.2) 
 
where V0 is the initial volume of the cavity, Vb is the additional volume created as the 
bubble expands. Γ is the adhesion energy, which is equal to Γsep in the case of 
delamination. The first two terms represent the elastic strain energy and the work to 
separate the membrane from the substrate respectively, and the final two terms account 
for the isothermal expansion of the gas. 
 
 When a device is removed from the pressure chamber, the bubble volume 
expands until the free energy of the system F reaches a local minimum. We minimize F 




This yields the expression for the work of separation: 
 






− 𝑝𝑒𝑥𝑡) 𝛿    (Eq. 6.3) 
 
with the constant C(ν) = 0.522 for ν = 0.29 (Cooper et al., 2013). Using this expression, 
we can determine Γsep of each device using the charging pressure of the pressure chamber 
p0, and δ and a of the bubble measured using an AFM.  We can also substitute the 
pressure terms in Eq. 6.3 with Hencky’s result in Eq. 6.1 which yields,  
 








     (Eq. 6.4) 
 
which holds for all devices which have started to delaminate (a > a0). This allows Γsep to 
be determined from δ and a without knowing p0, which avoids the long waiting times 
required for devices to reach equilibrium in the pressure chamber. For our exfoliated 
devices we calculated Γsep using Eq. 6.4 (using the mean value of E2D = 190 N/m per 
layer we found earlier for exfoliated samples), and used Eq. 6.3 to calculate Γsep for our 
CVD devices where p0 was well known. 
 
 We find no significant difference in Γsep between single and few layer samples, or 
CVD and exfoliated samples (Fig. 6.3). By averaging over all samples we find the mean 
work of separation to be Γsep = 220 ± 35 mJ/m




mJ/m2 measured for many layer MoS2 (Deng, Gao, Xu, & Berry, 2017) and is in the same 
range of values as found for graphene (Akinwande et al., 2017; Cao et al., 2013; Koenig 
et al., 2011; Suk et al., 2016; Zong, Chen, Dokmeci, & Wan, 2010).  
 
 
Figure 6.3 Work of separation of membranes of 1 to 3 layer thickness.  The data includes 
measurements of CVD monolayer devices from three separate growths and transfers (N2-
4). Several devices are measured per sample, with data points and error bars representing 
the means and standard deviations respectively. For samples with fewer than 3 
measurements the data points represent each device measured. The dashed line marks the 
mean of the 6 samples.  
 
 The devices shown in Fig. 6.1d-f exhibit unstable delamination, whereby a 
discontinuously increases from the initial radius a0 when p0 ≳ 600 kPa. The etched depth 
of the microcavities in that case was d = 1500 nm. We also fabricated devices with cavity 
depths of d = 650 nm, and again performed measurements of δ and a at increasing p0  
(Fig. 6.4) using the method described earlier. With this cavity depth, the devices show no 




The difference in behavior in these two cases has been observed and modeled by others 
(Boddeti et al., 2016; P. Wang, Liechti, & Huang, 2016), and Boddeti et al. found that the 
transition from unstable to stable delamination occurs when the parameter S = 2Vb/V0  
satisfies the condition S >1 just before the point of delamination (Boddeti et al., 2016). 
Reducing the well depth decreases the volume of the cavity relative to the volume of the 
bubble which increases S. By making various device geometries and finding S from AFM 
measurements we confirmed empirically that this transition occurs in the range 0.74 < S 












6.4 Adhesion hysteresis and finding the work of adhesion 
 
 After the devices with d = 1500 nm (on sample N2) had been delaminated to their 
largest radii, they were left out in ambient conditions to deflate over the course of ~48 
hours. During this time AFM scans captured δ and a as the number of gas molecules N 
decreases from the initial value of N0 (= p0V0/kbT). AFM cross sections of a bubble are 
shown in Fig. 6.5a during the inflation (increasing N0) and deflation (decreasing N) of the 
device. Initially as the device is inflated, δ increases and a remains pinned at a0. When p0 
≳ 600 kPa the snap-out transition occurs and a jumps to a larger value, after which both a 
and δ increase together as N0 increases. When devices are left to deflate, δ decreases from 
an initial value of δ0, however a now does not change from its radius at the beginning of 
deflation, which we refer to as the ‘pinned radius’ ap. After the deflection of the devices 
reaches a critical value δ = δc the devices undergo a snap-in transition where the radius 
jumps from ap to a0, and δ continues to decrease to zero. Values for δ and a throughout 
this process are shown in Fig. 6.5b, which shows devices deflating at a number of 
different ap. To rule out any influence of tip-sample forces from the AFM affecting the 
measurements of deflating devices, we used both photoluminescence spectroscopy (see 
appendix B7 for details) and a high speed camera to observe the same snap-in behavior in 
the absence of an AFM tip. The high speed camera footage†† shows the snap-in 
transitions occur in less than 500 μs.  
 
†† Videos of the snap-out and snap-in transitions can be found online in the paper’s supporting 





Figure 6.5 a) AFM cross sections of a device during inflation (increasing N) and deflation 
(decreasing N). Arrows mark the snap transitions. b) δ and a of devices during inflation and 
deflation. Different colors represent different devices on sample N2. More data can be 
found in the supplementary information which is not shown here for reasons of clarity. Red 
and blue arrows mark snap-out and snap-ins respectively. The upper and lower dashed 
lines correspond to solutions to Eq. 6.4 and Eq. 6.7 respectively. c) A comparison between 
the works of separation and adhesion for samples N2-4. Data points and error bars 
represent the means and standard deviations respectively of all the devices measured on 
each sample.  
 
 We can interpret this using the result derived in Eq. 6.4, which requires that after 
delamination the ratio δ /a remains constant, with the magnitude of this ratio being 
proportional to Γsep
1/4. We plot the line corresponding to this formula in Fig. 6.5b (upper 
dashed line) with the values of E2D and Γsep determined earlier, and find our data for 
increasing N0 follows this trend very well.  
 
 This formula is independent of whether N is increasing or decreasing, so when our 
devices are left to deflate we should expect δ and a to return along the same path as 
during inflation described by Eq. 6.4. As can be seen in Fig. 6.5a however, there is a 




suggests some element of our system is irreversible.  
 
We attribute the difference between inflation and deflation we see in our data to the 
widely observed phenomenon of adhesion hysteresis (J. N. Israelachvili, 2011; Shull, 
2002; Suk et al., 2016), whereby the energy required to separate the membrane from the 
surface Γsep is greater than the energy returned to the system as the membrane re-adheres 
Γadh, with Γadh < Γsep. We can summarize these criteria as 
 
𝛤 = {
 𝛤𝑎𝑑ℎ , ∆𝑎 < 0
  𝛤𝑠𝑒𝑝, ∆𝑎 > 0
  &  𝛤𝑎𝑑ℎ <  𝛤𝑠𝑒𝑝   (Eq. 6.5) 
 
where Δa is the change in the device radius.  
 
 
Figure 6.6 a) The free energy landscape for a device with no adhesion hysteresis. The device 
radius adjusts to minimize the free energy, and the energy minima are marked with grey 
circles. b) The energy landscape if the criteria in Eq. 6.5 are followed. The dashed and solid 




 The effects of this on our model are most easily understood by plotting the free 
energy landscape given by Eq. 6.2. We first plot the free energy F(a) as a function of 
radius a for the case of no adhesion hysteresis (Fig. 6.6a). The free energy minima 
gradually decrease in radius as the pressure p0 decreases, until the energy minimum 
disappears. At this point the gradient of the curve means that the lowest free energy is 
achieved if the device undergoes a snap-in transition. This is not what we see in our 
experiments, where we find the radius remains pinned at the initial snap-out radius (Fig. 
6.5a). If there is adhesion hysteresis however, the fact that Γadh < Γsep means that 
reducing the radius a is a less effective means of reducing F(a). This, combined with the 
asymmetry produced by the criteria in Eq. 6.5 means that a new free energy minimum is 
created (Fig. 6.6b). The dashed and solid lines are produced from Eq. 6.2 with Γ = Γadh 
and Γ = Γsep respectively. The radius a becomes stuck in this energy well where it 
remains pinned at the initial snap-out radius ap, until a critical pressure (or critical 
deflection δc) where the device undergoes a snap-in transition. The critical pressure for 
snap-in occurs when δ has reduced enough for the gradient of F(a) to become positive for 
Δa < 0, which allows the free energy to be minimized by the reduction in a, which can be 












] > 0   (Eq. 6.6) 
 
The point of the snap-in transition therefore occurs when a relationship between the 












    (Eq. 6.7) 
 
We perform a linear fit of our measurements of δc and ap (lower dashed line in Fig. 6.5b) 
which yields an estimate of the work of adhesion for this sample to be Γadh = 14 ± 5 
mJ/m2. Multiple measurements of Γadh with the same device show that this measurement 
is repeatable over many cycles (Fig 6.7a). We performed measurements on a total of 5 
CVD grown samples (N2-6) and found the mean work of adhesion for all our samples to 
be 42 ± 20 mJ/m2, with Γadh < Γsep in every device. Γadh varied noticeably between 
samples with sample means falling in the range 14 - 63 mJ/m2 (Fig. 6.7b). This large 
sample-to-sample variation suggests that factors such as the cleanliness of substrate or 
membrane may play significant roles in adhesion hysteresis. 
 
 
Figure 6.7 a) We checked the repeatability of our measurements of Γadh by repeating the 
experiment 6 times on a single device at a number of different charging pressures, which 
resulted in a mean and standard deviation of 13 mJ/m2 and 5 mJ/m2 respectively. b) Mean 
and standard deviations of the work of adhesion in each sample. The dashed line represents 




 We directly compare the works of separation and adhesion for 3 of our samples 
(N2-4) in Fig. 6.5c. Our measurements of Γadh show that as little as one tenth of the 
energy required to separate the membrane from the substrate (Γsep ~ 220 mJ/m
2) is 
recovered as the membrane at the edge of the bubble re-adheres to the substrate. We used 
Raman spectroscopy to measure the membrane strain distribution around our devices 
before and after snap-in (see appendix B4), and found that whilst some energy was 
dissipated in the form of residual strain transferred to the membrane, this can only 
account for <10% of the dissipation that produces a difference between Γadh and Γsep. This 
strain may also dissipate some energy through frictional sliding as the membrane changes 
its length on the surface of the substrate (Kitt et al., 2013). 
 
 Adhesion hysteresis is a commonly observed phenomenon (Chen, Helm, & 
Israelachvili, 1991) which has previously been observed in nano-indentation 
measurements of graphene (Suk et al., 2016), and the fraction of the energy dissipated in 
our system is comparable with the hysteresis observed in elastomers (Yalin Yu, Sanchez, 
& Lu, 2015). The behavior of our devices is also analogous to the related phenomenon of 
contact angle hysteresis seen in liquid bubbles (J. N. Israelachvili, 2011), and constant 
contact area pinning during unloading has been seen previously between two adhered 
solid spheres (Maugis & Barquins, 1978). Surface roughness and chemical heterogeneity 
on the surface can produce contact angle and adhesion hysteresis (Chen et al., 1991; de 
Gennes, 1985), and a further contribution in our system could be the finite time over 




the measurement to re-conform fully to the surface or re-make the bonds which were 
made before the device delaminated (Kim, Choi, Ulman, & Fleischer, 1997; Tian et al., 
2017). This would result in the system being in a transient non-equilibrium state during 
the measurement, which is a common cause of thermodynamic irreversibility and 
adhesion hysteresis (Chen et al., 1991; J. Israelachvili & Berman, 1995; Qian & Yu, 
2013). Our method of finding Γsep also involves subjecting the membranes to high 
external pressures prior to measurement, which could improve their conformation to the 




 We have measured the work of separation of single and few layer MoS2 
fabricated by CVD and mechanical exfoliation, and found a value of Γsep = 220 ± 35 
J/m2. We also measured the Young’s modulus, and found that E2D = 160 ± 40 N/m for a 
single MoS2 layer. Bulge testing provides a complimentary method to nanoindentation to 
determine E2D, and our results are in the same range of values as reported in previous 
studies. We demonstrated snap-out and snap-in instabilities, which mechanically amplify 
small changes in pressure and could be used for pressure sensing. Finally we observed 
bubble edge pinning, analogous to contact angle hysteresis observed in liquids, and used 
Raman spectroscopy to provide evidence that the trapping of strain energy after the snap-
in transition can account for some but not all of the hysteresis. We measured a Γadh which 




switches made from atomically thin materials (X. Liu et al., 2014; Shi et al., 2012). The 
distinction between Γadh and Γsep we have observed here is an important consideration in 
the analysis of bubbles formed under atomically thin crystals (Algara-Siller et al., 2015; 
Dollekamp, Bampoulis, Poelsema, Zandvliet, & Kooij, 2016; Khestanova et al., 2016), 
and in the design of folded 3D structures made from 2D sheets (Cranford et al., 2009; 





CHAPTER SEVEN: IN-SITU AFM IMAGING OF GRAPHENE NANOPORES  
 
 
7.1 Introduction to nanopores 
 
 Nanopores are nanometer scale apertures which permit the passage of small 
molecules between two reservoirs. Nanopores are interesting because they have a 
diameter that is similar to the size of the molecules that pass through them. This means 
they can be used to separate molecules based on their size – essentially a nanoscale sieve. 
It is hoped that a membrane containing billions of such selective nanopores could be used 
as an industrial scale separation membrane, with the ability to separate based on 
molecular size with a sub-Ångstrom resolution. Nanoporous materials have been 
proposed which would be able to filter the CO2 gas from industrial pollution (Ali et al., 
2019) or separate salt ions from sea water (Cohen-Tanugi & Grossman, 2012). With 
enough imagination and research, nanopores may one day play a role in combating the 
major humanitarian issues of climate change and water scarcity. They are also examples 
of the smallest possible channels, and so can be used to study novel transport phenomena 
at a scale where macroscale formalisms break down.  
 
 Nature is the original inventor of the nanopore – your ability to read these words 
results from the opening and closing of billions of nanoscale ion channels which control 
the flow of charge across nerve cells, and allow action potentials to reverberate through 




and metabolism that they are thought to have “…developed early in evolution, probably 
in the service of basic cellular tasks like energy production and osmotic stabilization of 
cells, and evolved to underlie the elaborate electrical system that provides rapid 
perception and control” (Hille, Armstrong, & MacKinnon, 1999).  
 
 
Figure 7.1 a) The membrane lipoprotein used by Oxford nanopore to sequence DNA. b) The 
steric exclusion of ion hydration radii means that large ion selectivity can be achieved in 
sub-nanometer graphene nanopores. In this case, K+ cations have a flux across the pore that 
is several orders of magnitude higher the similarly sized Cl- anions. Both images from (Sahu 
& Zwolak, 2019).  
 
 The nanoscale pores and membrane proteins designed by nature are so successful 
that engineers have sometimes transplanted them directly into their own technology, 
rather than make their own. The power of this approach is exemplified in the technology 
of Oxford Nanopore, who used the membrane lipoprotein CsgG to build a commercially 
available, USB plug-in desktop DNA sequencer that is capable of sequencing an entire 
human genome (Jain et al., 2018). They do this by measuring the conductance of the pore 




conductance of the pore by a unique magnitude and duration, allowing A,T,C and G’s to 
be disambiguated in sequence using just a time series of the pore conductance.  
 
 Sometimes it is preferable to make synthetic nanopores from materials which lend 
themselves to mass production methods. The advantage of such solid state nanopores is 
that they are considerably more robust than their biological equivalents, which only 
evolved to function in water at a limited range of pressure, temperature and pH.  
Synthetic nanopores are able to withstand far more extreme environments, and could be 
used for chemical or gas separations in which a biological membrane protein would be 
unstable. To date, nanopores have been constructed from various polymers, silicon oxide, 
and silicon nitride (SiNx), and various 2D crystals  (Sahu & Zwolak, 2018). SiNx is the 
most commonly used material due to its simple compatibility with CMOS wafer 
fabrication techniques.  
 
 We will study nanopores in atomically thin graphene for use as a nanoporous 
separation membrane. This is a promising technology on two fronts. Firstly, its ultimate 
thinness means the resistance that molecules face when translocating the pore is 
maximally small. This makes the membrane very efficient for high throughput 
applications like water desalination (Cohen-Tanugi & Grossman, 2012). Secondly, it is 
relatively straight forward to porate 2D materials with the smallest possible nanopores. 
Sub-nanometer pore diameters can be made by ejecting one or a handful of atoms from 




< 10nm diameters have been made in bulk materials (e.g. SiNx) using a focused ion beam 
(FIB) or TEM, however the process is slow and un-scalable. The advantage of using 
graphene is that millions of sub-nanometer pores can be created in parallel, with the aim 
of making high-selectivity, high-permeance membranes (Thiruraman et al., 2018). Pores 
which approach the Ångstrom scale of individual ions are of particular interest, as the 
steric exclusion of the hydration layers surrounding each ion allows for very high ion 
selectivity (Fig. 7.1b).   
 
 In particular, in this chapter we will study the transport of different cations across 
graphene nanopores. We find that nanopores of diameters as large as 50 nm show an 
unexpectedly high cation selectivity, with cations with the smallest hydration energy 
having the highest conductance. We also find that such pores can have other behaviors - 
such as being non-conductive, or being highly conductive but non-selective - and use 
liquid AFM to discover that nanoscale bubbles pinned to graphene nanopores is the 
source of the observed variation.  
 
7.2 Conductance measurements of graphene nanopores 
 
 We will use an electric field to drive the ions through the pores by 
electrophoresis, and determine the relative permeability of each ion from measurements 
of its electrical conductance (Fig. 7.2a). The nanopore is immersed in an aqueous solution 




and two AgCl electrodes. Cations (K+, Na+, Li+, etc...) move with the electric field lines 
through the pore, and the anions (Cl-) move the opposite direction. The net flow of charge 
is measured with a current pre-amp connected to a DAQ board. The current is measured 
as the voltage is swept over positive and negative voltages (typically ± 500mV), from 
which we can infer the conductance for each cation species.  
 
 The graphene membrane is transferred onto a SiNx chip containing a 1 – 5μm 
diameter through hole. The chip is then mounted on a PDMS flow cell that lets fluid 
access the back side of the chip while allowing AFM measurements to be taken on the 
top side. The chip is sealed with PDMS to ensure no current leakage through its sides. A 
droplet of salt solution can then be placed on top of the chip, and also injected to the back 




Figure 7.2 a) Cartoon schematic of the device geometry. The real suspended graphene 
region is 1 to 5 μm in diameter. b) Helium ion microscope (HIM) image of a nanopore. The 
region of white contrast is caused by hydrocarbon contamination deposited around the pore 




 We introduce pores of controlled diameter into CVD graphene membranes using 
a helium ion microscope (HIM). The graphene is bombarded with He+ ions at a high 
enough energy to perforate the crystal over a controlled area. Pores as small as 20 nm can 
be produced with this method. The details of SiNx chip fabrication and HIM milling are 
discussed in detail in Cantley, 2017.  
 
 Before measurement, we first inject ethanol on either side of the graphene 
membrane, which has a low surface tension and therefore encourages the full wetting of 
the pore. We then flush the EtOH with DI water filtered (MilliQ) just prior to 
measurement, then inject the salt solution.  
 
 We find that different devices of similar pore diameters (50 – 75nm) can have 
significantly different IV characteristics. Even the same device re-wet multiple times can 
yield very different IV curves. Devices tend to be in one of 3 broadly defined states i) 
completely non-conductive, ii) low conductivity, ion selective and with non-linear IV 
curves, or iii) high conductivity with linear IV curves. An example of each of these states 
in a 0.1M KCl solution is shown in Fig. 7.3a. The IV curves for a device in state ii with 






Figure 7.3 a) The IV characteristics for pores in three different states. Large linear 
conductance (i), low non-linear conductance (ii), and non-conductive (iii). b) The cation 
selectivity of a 50 nm pore device in state ii. The dashed line represents the predicted 
conductance curve for a pore of this diameter.  
 
 The low conductivity, non-linear behavior of state ii is of particular interest, 
because it shows a high selectivity between cation species. This behavior is unexpected in 
three important ways. Firstly, the diameter of the pore (50 nm) is enormous compared to 
the sizes of the various cations. The pore is therefore expected to be non-selective 
between ion species. Secondly, the non-linear IV curves suggest ‘activated’ or Arrhenius 
type transport where the ion are traversing an energetic barrier to pass through the pore. 
This can occur in very small pores (e.g. < 1nm), but 50 nm pores are expected to have 
linear IV curves. Thirdly, the expected conductance G for nanopores with a pore diameter 
d (assuming d  ≫ the membrane thickness) is approximately  
 




where σ is the bulk conductivity of the solution. The conductance of the state ii device in 
Fig. 7.3b is roughly 10x smaller than expected.   
 
7.3 In-situ AFM imaging 
 
 Such results suggest that the pores in state ii are occluded in some way. In order 
to understand the cause of the occlusion we used liquid AFM to monitor the physical 
state of the nanopores while (or right after) IV measurements were taken.  
 
 AFM images were taken with an Asylum MFP-3D microscope operated in 
tapping mode. Platinum-iridium coated silicon AFM tips (ARROW-NCPt) were used for 
air imaging. For fluid imaging, Si3N4 tips (PNP-TR, spring constant kc= 0.32 N/m) were 
driven at a free air amplitude of around 50 nm. After tip engagement, the set point 
amplitude was adjusted to be as high as possible, set just below the value at which the tip 
lost contact with the surface. This meant the tip would exert the smallest possible forces 
and avoid modifying the topology of the sample being measuring. Scanning speeds were 







Figure 7.4 a) A device with a 50 nm pore, imaged with AFM first in air then in H20. The 
pore region is occluded when in liquid. The square region around the device is caused by 
hydrocarbons introduced during HIM imaging. b) A zoom-in and cross section of the 
bubble-like object occluding the pore. c) AFM images of the bubble in water and ethanol. 
The bubble disappears when water is replaced with EtOH, and re-appears when water is 
re-introduced. The images are imperfectly aligned due to sample drift.  
 
 We first imaged a device with a diameter of 50 nm with an AFM in air (Fig 7.4a). 
We then wet the device with ethanol, then water, then salt solutions containing KCl, 
NaCl or LiCl and took IV curves for each salt solution, with data plotted in Figure 7.3b 
(introduced earlier). Pure water was used to thoroughly flush out the device between each 
salt measurement to avoid cross contamination of cations. Immediately after the IV 
measurement we used liquid AFM to profile the surface of the membrane (Fig 7.4a). A 
distinctive bubble-like object can be clearly seen around the pore of the membrane. The 
object has an extremely low aspect ratio, with a diameter of ~400nm and a height of ~20 




(Fig. 7.4c), which then returned when the liquid was switched to water again. The device 
was not dried out during the exchange process.  
 
 We also probed the stiffness of the object occluding the pore by varying tip-
sample forces during scanning. This was done by reducing the amplitude set point ratio 
(the ratio between the amplitude set point and the free air amplitude), which increases the 
forces on the sample from the tip. Figure 7.5 shows the result of imaging the pore in 
water with different set points ratios. The lower set point ratio of 30% caused the tip to 
deform the object over the pore (Fig. 7.5a) as compared with images using higher set 
point ratios of 36% (Fig. 7.5b). This means the object is soft and malleable, yet returned 
to the its previous topology as soon as tip-sample forces were reduced (Fig. 7.5c).  
 
Figure 7.5 AFM images of the pore taken in water with different set point ratios of (a) 36%, 
(b) 30%, and back to 36% again (c). The lower set point ratio increases tip-sample forces 
which deform the bubble.   
 
 We found that some devices do not have bubbles occluding the pore, and when 
this is the case the conductance is linear, non-selective between cations, and very close to 
the magnitude predicted by Eq. 7.1. An example of such a device is shown in Fig. 7.6a 
and b. All six devices of the devices measured in liquid AFM with the same protocols 




systematically lower conductance than would be expected for their pore size (see 
appendix C1 for details).  
 
7.4 Nanobubbles in nanopores 
 
 The aspect ratio of the bubbles, and their response to AFM tip-sample forces (An, 
Tan, & Ohl, 2016), are consistent with two types of nanoscale bubble that are commonly 
found in liquids. These bubbles are either composed of gas and called nanobubbles, or 
composed of oils which are called nanodroplets  (Lohse & Zhang, 2015).  Our AFM 
measurements cannot distinguish between the two cases, however the experimental 
conditions are conducive to the appearance of either type. Nanodroplets can be produced 
by PDMS (Berkelaar et al., 2014), a material which we use to construct our flow cell. 
While cured PDMS is insoluble to EtOH and water, any uncured silicone oils in the block 
could dissolve and condense on our graphene membranes. Alternatively, a gaseous 
nanobubble could be produced as a result of using EtOH to wet the devices before 
exchanging it with water. This wetting method is standard in the field  (Jiandong Feng et 
al., 2016; O’Hern et al., 2014; Thiruraman et al., 2018), but is also unfortunately identical 
to the method nanobubble researchers use to nucleate a high density of gaseous 
nanobubbles (Lohse & Zhang, 2015). It would therefore be unsurprising for a graphene 
nanopore in these conditions to be frequently clogged by bubbles of either type.  
 




shown in Fig. 7.3a. State i pores are free of bubbles and therefore conduct as expected 
from Eq. 7.1 with no cation selectivity. State iii pores are those which are either covered 
in a macroscale bubble which has completely de-wet the pore area, or is blocked by some 
other form of contaminant. State ii pores are covered in nanobubbles whose dimensions 
are only a few times larger than that of the pores, which therefore allow some ions to 
cross it. These ions must traverse a non-aqueous bubble, which requires energy to shed 
their hydration shells. This results in a significant energy barrier to transport, which 
explains the low conductivity and non-linear activated behavior of the IV curves. The ion 
selectivity of the device results from the large differences in ion hydration energies of the 
different cations measured. The order of the cation conductances (K+ > Na+ > Li+) follow 
the order of their relative hydration energies, with higher hydration energies reducing the 
conductance due to the higher energy barrier it creates.  
 
 In order to avoid any bubbles, droplets or other contamination from sticking to the 
nanopores, we performed a set of experiments in which we imaged graphene nanopores 
with liquid AFM in the cleanest possible conditions. Graphene nanopores and chips were 
fabricated as before, but now mounted on clean glass slides using SU8 epoxy as glue. 
SU8 is highly insoluble and clean, and so cannot dissolve contaminants into EtOH or 
water which could condense on our nanopores. The mounting was done in a cleanroom to 
avoid any other contamination or oils, and the chips were annealed in vacuum prior to 
transfer to remove any hydrocarbon residues. All liquids were degassed for ~ 1h before 




discourages the formation of gaseous nanobubbles.  
 
 The devices were wet with pure EtOH, which was then slowly replaced with a 
solution of EtOH:H20 = 1:1, then finally wet with pure DI H20. The device was then 
imaged with liquid AFM, after the AFM cantilever and cantilever holder were thoroughly 
cleaned with EtOH and water. We first imaged a pristine graphene membrane with no 
nanopore in air (Fig. 7.6c) and water (Fig. 7.6d). The cleaner mounting technique 
considerably improved the membrane cleanliness, and there is a big reduction in the 
number of nanoscale bubbles surrounding and covering the device. We then rewet the 
same device using EtOH and water that had been passed once through a PDMS flow cell, 
but following the same sequence of wetting as described before. Figure 7.6e shows that 
this device became covered in PDMS nanodroplets, which suggests that these may have 
been a significant source of contamination in our earlier measurements. Finally, we 
image a device with a 150 nm HIM drilled nanopore, wetted with clean EtOH and H20. 
This device had no discernable bubble-like objects on the membrane, however the profile 
of the pore region suggests that the nanopore picked up contamination around the pore 
mouth. These results suggest that even when the membranes are free of nanobubbles or 





Figure 7.6 a) AFM phase channel image of a 75 nm diameter pore with no pore occlusion. 
The phase channel was used to get the best contrast for the pore edges. Scale bar is 200 nm. 
b) Conductance curves for the device shown in (a). Based on the conductance curves and 
Eq. 7.1 the predicted pore radius is 74 nm, in good agreement with the AFM images. c) 
AFM of a device in air and d) imaged in water. The device appears much cleaner using the 
new mounting procedure. e) Adding liquid that has passed through a PDMS flow cell makes 
the device significantly more dirty. f) Another device with a 150 nm pore is imaged in air 
then g) in water. The pore is free of bubbles, but immediately became covered in what 
appears to be some other kind of contaminant.  
 
7.5 Discussion  
 
 The results described here present a problem for the study of graphene nanopores. 
Our findings show that nanopores are easily contaminated and that even if nanobubbles 
and nanodroplets are eliminated, other contamination appears to stick preferentially to the 
pore mouth. This means that measurements that are assumed to be of ion transport 
through of atomically thin nanoporous membranes, may instead be measurements of ions 




could easily be mistaken for < 1nm pores from their conductance curves alone. Indeed, 
our results show that a 50 nm pore occluded with a bubble produces IV curves with a 
non-linearity and cation selectivity that are commensurate with behavior one would 
expect from < 1nm pores (Jiandong Feng et al., 2016). It is therefore unwise to rely solely 
on electrical conductance curves to characterize graphene nanopores.  
 
 As long as the state of the pore can be monitored with an independent method in 
real time, the contaminated pores can easily be rejected and pristine pores can accurately 
be characterized. Much of the research in the literature however does not have this 
alternative means to probe the state of the pore, since membranes are usually contained 
within flow cells that prohibit such access. Recent work by Marion, 2019 suggests that 
the variation of the pressure at either reservoir could provide a method to accurately 
identify occlusions to pores.  
 
 To avoid mistaking contaminated false positives with truly nanometer scale pores, 
great care should be taken to prevent nanobubbles, nanodroplets, and other sources of 
contamination by thoroughly degassing liquids and avoiding silicone sealants. Care must 
also be taken statistically, to not only report data from devices with intriguing IV, since 
such selection will distort an accurate description of the true range of behaviors of the 
nanopore. These results also point to a particular weakness of the HIM milling method, 
which tends to accrue hydrophobic hydrocarbons around the pore mouth that may 




 It is important to point out that the contamination observed in our devices (e.g. 
Fig. 7.4a and Fig 7.6g) may not be indicative of the results seen in other labs, who have 
different experimental set-ups and wetting protocols. The results described here may 
therefore not be generalizable to all graphene nanopore experiments, although recent 
work suggests that our findings are reproducible in other labs (Marion, Macha, Davis, 
Chernev, & Radenovic, 2019). They do however provide an existence proof, showing 
that such contamination is likely and should be ruled out directly before assuming the 




 The results of this chapter show that various forms of contamination frequently 
stick to graphene nanopores, which can lead to distortions in the characterization of the 
pores. We found that 50 nm pores can be occluded by nanobubbles or nanodroplets, 
which give the pores a small, non-linear conductance and cation selectivity which is 
suggestive of the behavior of much smaller pores. Devices without bubbles have a 
conductance equal to the expected theoretical value. Efforts to remove contamination 
were partially successful, however we found that pores can still be contaminated even 
when using materials of clean room grade cleanliness. These results will help other 
researchers avoid misinterpreting occluded pores for ~1nm diameter ones, and provide a 





CHAPTER EIGHT: FUTURE WORK AND CONCLUSIONS 
 
8.1 Nanofluidic switches using graphene electrowetting  
 
 During the ion transport studies described in the previous chapter, the graphene 
membranes were assumed to remain fully adhered to the substrate during electrical 
measurements. In-situ AFM measurements showed however that the voltage driving ions 
across the membrane occasionally resulted in the delamination of the membrane from its 
substrate (Fig 8.1). A similar mechanism was proposed in van den Beld, 2016 to explain 
non-linear conductances at larger voltages (Vsd ≥ 500mV). Such a mechanism is therefore 
a confounding factor in studies intending to investigate nanopore behavior, and would 
also be a problem for any technological applications of nanoporous 2D materials. This 
effect could be harnessed too for new applications, with the controlled peeling of the 
membranes used to make nanoscale switches for controlling flow in nanofluidic circuits. 
Herein we present some initial data relating to this effect, which can serve as a basis for 
further study by others.  
 
 We used a similar geometry to that described in chapter 7, with the addition of a 
gold electrode connected to the graphene to allow gate voltages Vg to be applied (Fig 
8.1b). The topside of the device remained dry during the experiments, which allowed 
AFM images to be taken straightforwardly in air rather than in liquid. We wet the back 
side of the device with water containing 0.1M KCl, and connected the liquid to the 





Figure 8.1 a) The application of Vsd in the geometry described in chapter 7 occasionally 
precipitated the delamination of the graphene membrane from the SiNx substrate. b) The 
geometry used in this chapter involves applying a gate voltage to the graphene, and wetting 
only the back side of the membrane.  
 
 
At Vg = 5, we observed the delamination of the membrane approximately symmetrically 
around suspended region of the device. Figure 8.2a & b shows in the height channel that 
the membrane is raised by ~5nm in this region. The very large phase contrast visible in 
this region means that there are large differences in the tip-sample interaction forces in 








Figure 8.2 a) A gate voltage of 5V causes delamination of the graphene membrane, which 
can be seen in both the height and phase channels. b) The delaminated region is raised by 
approximately 5 nm. c) The graphene membrane and electric double layer have a 
capacitance that energetically drives the delamination process. d) Electrowetting can occur 
at small voltage magnitudes – in this case -0.3V. e) The delaminated region is raised by ~15 
nm. 
 
 The mechanism for this can be simply explained as an electrowetting effect, by 
considering the capacitance of the graphene membrane with the ionic solution. When Vg 
is applied, charge builds up in the graphene layer which must be balanced by the 
accumulation of charge in the liquid double layer. This system stores charge with a 
capacitance Cm (Fig. 8.2c). The energy of the system F can be described in terms of this 
capacitive energy and the net adhesion energy γ of the membrane to the substrate, 
 




2) ∙ 𝑑𝐴    (Eq. 8.1) 
 
 where dA is change in the surface area of the graphene-liquid interface. We can see that 








is satisfied, which suggests that there exists a threshold voltage for Vg before the 
membrane will spontaneously delaminate to minimize its energy (van den Beld, 2016). 
We performed further measurements using the electrically inert monolayer hBN as a 
dielectric layer between the substrate and the graphene to avoid any electrochemistry, and 
found that this threshold voltage can be as low as 0.3V (Fig. 8.2d & e). By using surface 
modifications to modify γ this threshold voltage may be even lower. Selective patterning 
of this surface modification could allow the direction and shape of the delaminating 
region to be controlled, which would allow it to be used to open and close connections 
controllably between other channels in nanofluidic circuits. Further work will need to 
improve the reproducibility of this effect to better understand the fundamental 
mechanisms at play, and which will allow future researchers to engineer the imagined 
devices. 
 
8.2 Conclusions  
 
 This thesis has described methods to grow and transfer an atomically thin 
semiconductor, investigated how the band gap of this materials responds to mechanical 
strain and explored other mechanical properties of the material, and finally explored the 
use of graphene as a nanoporous separation membrane.  
 The initial experiments in chapter 4 concern the growth, transfer, and 
characterization of monolayer MoS2 membranes. The novel growth method described 




used to transfer to novel geometries. In our lab, MoS2 produced by this method is being 
used to study the interlayer adhesion of van der Waals crystals, and used as an atomically 
thin coupled resonator or waveguide. My hope is that this ongoing work continues to lead 
to interesting and exciting new devices and discoveries.  
 
 In chapter 5 we measured the effect of biaxial strain on the band gap and Raman 
modes of MoS2. The measured strain sensitivities will be a useful tool for other 
researchers who would like to quickly and easily determine the strains in their 
membranes, particularly after CVD growth which often induces intrinsic strains due to 
heating and cooling effects. We also showed that micron-sized areas of MoS2 can be 
strained to very large strains, which would be unattainable for bulk materials. The 
corresponding band gap shift of ~25% exemplifies the extremely large band gap 
tenability available with this method. These results can be used to optimize MoS2 for 
conventional applications, or be used to make pressure or strain sensors, and also provide 
a method for studying the diffusion of excitons and trions in large strain gradients.  
We then determined the Young’s modulus and adhesion energy of MoS2 in chapter 6, 
numbers which will be of importance in any nano-electromechanical applications of the 
material. We also found that our membranes had a considerable adhesion hysteresis. 
Understanding how these membranes peel on and off substrates may be useful for 
understanding hysteresis in nanoscale nano-electromechanical systems, and has practice 





 Finally in chapter 7 we showed that graphene nanopores can become occluded by 
nanobubbles or nanodroplets, which substantially affect the conductance properties of the 
pores. The results of this work prove that conductance measurements alone are not a 
reliable way to determine device pore sizes, since large occluded pores and sub-nm pores 
are indistinguishable by this method. My hope is that the work of this chapter will 
provide impetus for future nanopore researchers to develop better techniques for 
confirming the cleanliness of the pore in real time. In this way, occluded pores can safely 






APPENDIX A: ADDITIONAL DATA FOR CHAPTER 5 
 
A1. Sliding and Repeatability  
 
 Under high strains our devices may be forced to slide over the substrate, an effect 
which has been observed in graphene (Kitt et al., 2013). This sliding would allow the 
membrane deflection δ to increase, and thus cause us to over-estimate the strain from our 
AFM measurements. To see if sliding has occurred, we plot the relationship between 
strain and the A peak position during the initial increase in internal pressures followed by 
the deflation of devices (Fig. A1). Device 1 shows little hysteresis, however Device 2 
shows evidence of significant sliding. This can further be confirmed by the AFM images 
of the devices after deflating, with Device 2 showing wrinkling which was not previously 
present. To avoid any influence of this effect on our data presented in Fig. 5.2, we only 
used data taken from devices which showed none of these signs of sliding.   
 
 
Figure A1 a) An example of the peak shift in two monolayer devices in which pint was 
increased then decreased, with AFM images of both devices after pressure cycling (scale 
bars are 2 μm). Device 2 shows evidence of slipping. b) The repeatability of subjecting a 








Figure A2 Comparison of the change in A peak exciton intensity with strain to a theoretical 
prediction. The intensity of our data has been scaled for comparison with the theory.  
The exponential decrease in A peak intensity shown in Fig 2a inset of the main text 
compares well to the theory described in Steinhoff et al. at large strains (Fig. A2). At 
strains below 0.5 % however, they predicted that the PL intensity would increase with 
strain, caused by changes in conduction band minima at the Σ point of the conduction 
band. We did not observe such an enhancement over this range, however the difference 
may be due to different estimates of the doping level in the theory and the true doping 





A3. Interference effects 
 
 The interference between light scattered of the MoS2 membrane and the silicon at 
the bottom of the well may affect the relative intensities of the A1g and E
1
2g modes (Fig. 
5.5a). To rule this out as the cause of our observed changes to Raman mode intensities, 
we closely follow a model developed in other works (Carvalho et al., 2015; Song-lin Li, 
Miyazaki, Song, Kuramochi, & Nakaharai, 2012) originally used to determine the effect 
of the substrate thickness on the Raman mode intensities. In our case, instead of a layer of 
SiO2, we have a vacuum cavity of distance d2 which changes as the device bulges down 
under high pressures (Fig. A3a). Using the Fresnel equations, we can deduce the change 
in intensity of each MoS2 Raman mode relative to the Si peak, as d2 decreases from its 
unstrained value of 1.5μm (equivalent to the depth of the well) with increasing strain. We 
deduce the value of d2 by using the Hencky model described in the main text, which can 
be used to convert strain we determined from the E12g peak position, to a membrane 
deflection δ. d2 is then equal to the difference between δ and the well depth. We also 
account for the strain induced shift of each mode in these calculations, which makes the 
wavelength of the scattered light also dependent on strain. 
 
 The model is plotted against our data in Fig. A3b & c, and the intensity of the 
model curve is scaled in order to be in coincidence with our data at low strains. We find 
both the E12g and A1g peak intensities increase beyond what is expected from the 




both Raman mode intensities at high strain was not due to the effect of interference, but 
was rather an intrinsic property of the material under strain. Similarly, the interference 
model does not account for why the ratio E12g/ A1g increases so dramatically. As the 
Raman modes are so similar in energy, interference effects should cause less than a 10% 
change in this ratio, and so we conclude that this is also strain induced effect.  
 
 
Figure A3 a) A ray diagram of incident and scattered light. The effective power of the 
excitation laser (black) is the sum of the incident beam with its reflected beams. The 
intensities of Raman scattered light (red) also depend on the sum of reflected rays, and rays 
scattered at different phases within the MoS2 or Si. The effect of this interference for each 
frequency of light depends on the distance between membrane and substrate, d2, which 
changes as the devices are strained. b) & c) The intensities of the E12g and A1g peaks relative 





A4. Additional Raman data  
 
 We plot the ratio of the integrated intensities of the two Raman modes (E12g/A1g) 
for different membrane thicknesses in Fig. A4. All three thicknesses have approximately 
the same E12g/A1g at zero strain, and each show some small increase in this ratio with 
strain.  
 
Figure A4 The ratio of integrated intensities of the E12g to A1g Raman modes for different 
membrane thicknesses.  
 
 In a final experiment, we took line-scans of the Raman modes of a pressurized 
device, to see if the varying angle of the membrane relative to the laser produced the 
changes to the Raman mode intensities that we observe. As strain increases in our 
devices, the curvature of the membranes also increases, and as our laser spot has a finite 
size this change in curvature would change the angle between the incident light and the 
membrane. To rule this out as a cause of the change in Raman mode intensities, we plot 




1599 kPa, corresponding to a biaxial strain at the center of the device of ~5.6 % (Fig 
A5a). If changes in angle between the laser light and membrane were causing increases in 
Raman intensity, we would expect the largest change to occur at the edge of the 
membrane, where the angle change would be the most. However, Fig. A5c and Fig. A5d 
show that this is not the case. Intensities of both Raman modes and the ratio E12g/ A1g are 
both largest in the center of the device, where the biaxial strain is the most and the 
membrane is closest to being flat. We therefore rule out the changing membrane angle as 
the cause of these intensity changes.  
 
Figure A5 a) Line scan of Raman modes across a device. b) Peak positions and c) peak 
intensities of the Raman modes (normalized to the Si peak) across the device. d) The ratio 




APPENDIX B: ADDITIONAL DATA FOR CHAPTER 6 
 
B1. The effect of membrane pre-tension  
 
 Even when there is no pressure difference across the membrane there is usually a 
residual pre-strain observed in suspended devices, due either to the transfer procedure or 
the membrane sticking to the sidewalls of the cavity (Bunch et al., 2008). We can 
estimate the pre-tension in our membranes by using photoluminescence spectroscopy. In 
an earlier paper (Lloyd et al., 2016) we showed that the band-gap in monolayer MoS2 
reduces when biaxial strain is applied, at a rate of -99 meV/%. We took a PL spectrum of 
a device with no pressure difference across the membrane, meaning any observed strain 
would correspond to the pre-strain. We can then convert this to a pre-tension using the 





     (Eq. B1) 
 
Our devices have a pre-strain of ε0 < 0.002 which corresponds to a pre-tension of σ0 < 0.2 
N/m, which is comparable to previously reported values for atomically thin membranes 
in this geometry (Bunch et al., 2008; L. Wang et al., 2012). Campbell, 1956 showed that 
when the non-dimensional parameter, 
 








satisfies the condition P > 100,  Hencky’s formula in Eq. 6.1 in is correct to within 5%. 
Most of our data points were taken in a high enough pressure range to satisfy this 
condition. For instance for the data presented in Fig. 6.2a, P = 100 when Δp = 350 kPa. 
Since nearly all of our data was taken with Δp > 350 kPa we use Eq. 6.1 to calculate E2D, 
and neglect the effect of the pre-tension. 
 
B2. Work of separation  
 
 The full set of data used to produce means and standard deviations of each sample 
in Fig. 3 of the main text is shown in Fig. B1. Each data point represents the measured 
value of Γsep for an individual device of a given sample.  
 
 






B3. Calculating the work of adhesion – additional figures 
 
 The relationship described in Eq. 6.5 predicts that the value of δc is roughly 
proportional to ap for the devices measured, assuming the work of adhesion remains 
roughly constant. This is corroborated by measurements in Fig. B2 which plots δc against 
ap and shows a roughly linear trend. We can estimate the value of Γadh by fitting this 
relationship to the values of δc and ap of devices just before the snap in transition occurs, 
and we plot this line of best fit in Fig. B2 which corresponds to Γadh ~ 14 mJ/m
2.    
 
 
Figure B2 Data for devices measured on sample N2, showing the values of δc and ap just 
before snap-in used to calculate Γadh. Each color/symbol represents a different device.  
 
 The complete data for comparing the work of adhesion of various samples is 
presented in Fig. B3a, with each data point representing a measurement of Γadh in a single 
device of a given sample. This data was used to produce Fig. 6.7b. A few of the devices 




to an intermediate radius followed by a second snap in to a0 (Fig. B3b). All the transitions 
between these states were unstable and occurred in less than one second. 
 
 
Figure B3 a) Work of adhesion for every device measured in each sample. b) A device which 
delaminates stably with increasing pressure, but shows adhesion hysteresis upon deflation. 
This device snapped in to an intermediate step before fully re-laminating to the substrate.    
 
B4. Strain trapping around the edge of the membrane  
 
 To investigate a possible mechanism for the observed adhesion hysteresis we used 
Raman spectroscopy to measure the strain distribution around our devices. The peak 
positions of the Raman modes in monolayer MoS2 are known to be sensitive to strain 
(Conley et al., 2013b; Lloyd et al., 2016), so by measuring how these peaks shift at 
different locations around the device we can build up an image of how strain is 
distributed. For these measurements we used the E12g peak to estimate the strain, since it 




 Fig. B4a shows an AFM image of a device delaminated to ap ~ 7.5 μm, which was 
then left to deflate and undergo the snap-in transition. A Raman map was then taken after 
snap-in (Fig B4b), with the strain calculated from the position of the E12g peak using the 
reported shift rate of ~ 5 cm-1 / % (Conley et al., 2013b; Lloyd et al., 2016).  A region of ε 
~ 0.5% can be clearly seen around the circumference of where the delaminated bubble 
was before snap-in. This strain likely originates from the pressure induced radial strain at 
the edge of the bubble, which for these devices is ~1.5% (Fig. B5d). Using this upper 
bound of ε ~ 1.5% and the formula for the isotropic strain membrane energy density 
(Gould, 2013), U = ½ E2D ε
2, we can estimate the energy stored in the strained regions to 
be U ~ 20 mJ / m2, which can account for some but not all the energy dissipation which 
produces a difference between Γadh and Γsep. The presence of strain in the membrane also 
implies some contribution of energy dissipation through friction as the membrane 
changes its length on the surface of the substrate (Kitt et al., 2013).  
 
 
Figure B4 a) AFM image (amplitude channel) of a delaminated device before the snap-in 




section of the device. b) Strain map of the same device after the snap-in transition when the 
device has fully deflated. Strain is calculated using the peak shift in the E12g Raman mode at 
each point. Each pixel is 1 x 1 μm and corresponds to a single Raman scan.  
 
 In order to observe the process by which this strain becomes ‘trapped’ in the 
membrane around the device, we took Raman line scans over a cross section of a device 
as it deflated and plotted the E12g peak position as a function of distance (Fig. B5a and 
B5b). Before each Raman scan we found the corresponding geometry of the device by 
taking an AFM image (Fig. B5c). Across the delaminated bubble region (marked by 
dashed lines) the peak shift abruptly increases at the edge of the bubble, followed by a 
gradual increase towards the center of the device. In Fig. B5d we used Hencky’s solution 
to find the predicted strain profile across the device for its initial geometry (Fig. B5c red 
line) before deflation. In the model, the strain jumps from zero to purely radial tensile 
strain at the edge of the device, with the tangential component gradually increasing from 
zero to be equal to the radial component at the center. The E12g peak position depends on 
contributions of both the radial and tangential strain, so this model explains the profile 
seen in Fig. B5a. 
 
 Fig. B5b shows that a region of strain extends ~1.5 μm outside the edge of the 
bubble in the initial Raman scan (red line). As the device deflates and the radius remains 
pinned, the peak shift across the delaminated region of the membrane reduces as it 
becomes less strained, however the region of strain outside the bubble remains roughly 
constant throughout deflation. These results show that the ring of strain in Fig. B4b is 




device deflates and eventually snaps in.  
 
  
Figure B5 a) Raman line scans over a device over time as it deflates. Dashed vertical lines 
mark the edge of the delaminated bubble. b) A zoomed in version of a) focusing on the edge 
region of the device. c) AFM cross sections of the device at each time, using the same color 
scheme as in a). d) Radial (εr) and tangential (εθ) components of the strain as a function of 
radius for this device’s initial geometry before deflating, calculated using Hencky’s model 
with values for δ and a taken from the red curve in c).  
 
B5. Contact angle of bubbles during deflation  
 
 Instead of analyzing the snap-out and snap-in data in terms of δ and a, an 




substrate (see Fig. B6 inset) using an AFM. In Fig. B6 we plotted the contact angle 
against the radius of a device as it is inflated (black) and then left to deflate (red). As the 
device is inflated the contact angle increases until a critical value, at which point the 
device delaminates with the contact angle remaining constant. When the device is left to 
deflate the contact angle decreases at constant radius until another critical contact angle is 
reached, at which point the device undergoes the snap-in transition.  
 
 
Figure B6 The contact angle of a device during inflation (black) and deflation (red).  
 
B6. The effect of the slipping of the membrane on E2D calculations 
 
 The strain at the edge of the bubble introduces extra slack into the membrane of 
bubble, which may affect our measurements of E2D. We can estimate the effect this has 




bubble in Fig. B5b to find the total extra slack, ∆𝐿, added to the bubble membrane. We 
can write the slack added to the membrane as, 
 
∆𝐿 = ∫ (𝑥)𝑑𝑥
𝑥1
0
    (Eq. B3) 
 
The initial measurement in Fig. B5b (red line color and labeled ‘87 mins’) shows that the 
peak shift linearly decreases from ~ 5.5 cm-1 around the edge of the device to ~0 cm-1 at 
1.5 μm outside the device radius, so we take x1 = 1.5 μm. To find (𝑥) we take ε ~ 1.5 % 
at the edge of the device (Fig. B5d) and use the linear strain profile seen in Fig. B5b, 
which leads to ε(x) ~( 0.015/1.5) x μm-1. This gives ΔL ~ 11 nm over a device radius of 
6.5 μm. This reduces the pre-strain by ~ 0.0017 which is about the same as the initial pre-
strain. We therefore take this change to be negligible in to the pressure range we are 
studying due to the arguments made in section B1.  
 
B7. Additional snap-in data 
 
 Figure B7a shows the complete data set for our snap-in measurements presented 
in Fig. 6.5b of the main text. This data was taken using an AFM in tapping mode. To 
confirm that the forces from the AFM tip were not affecting our results, we measured the 
snap-in of a device as it deflated by using solely optical measurements. We took 
sequential PL spectra at the center of the device as it deflated, where the membrane is 




red-shifts under biaxial strain by -99 meV/%, so PL measurements allow us to measure 
the biaxial strain ε in the device. We can also measure the radius a of the device as it 
deflates using an optical microscope. Using these values for a and ε we can estimate the 
deflection of the device using the formula, 
 





    (Eq. B4) 
 
where σ(ν) is a numerical constant which depends only on Poisson’s ratio ν , and in this 
case 𝜎 = 0.709. We measured a deflating device using the non-contact optical method, 
after which we re-inflated the device to the same pressure and used the AFM to measure 
the geometry of the device as it deflated. We compare the results of these two methods in 
Fig. B7b, and find very similar results in the two cases. The device appears to snap-in at a 
slightly lower δ in the AFM measurements, however this is likely due to the long scan 
times (~3 min) required to take a PL spectrum meaning that we couldn’t measure the 






Figure B7 a) Complete data containing all data points of results presented in Fig. 6.5b in the 
main text. Each color represents a different device. b) Comparison of snap-in transitions 
measured optically or by AFM. For optical measurements a is determined using an optical 
microscope with a 100x objective, and δ is determined from the PL peak position and Eq. 
B4. 
 
B8. Young’s modulus 
 
 Figure B8 shows the complete data set used to calculate the Young’s modulus for 






Figure B8 a) CVD monolayer devices from sample N1 and N2. b) Exfoliated monolayer and 
trilayers devices. Dashed lines are plotted for each of the sample means reported in Fig. 6.2c 





APPENDIX C: ADDITIONAL DATA FOR CHAPTER 7 
 
C1: The prevalence and formation of nanobubbles 
 
 To estimate the prevalence of nanobubbles in our experiments, we imaged six 
devices in water with AFM. We found the presence of nanobubbles in all six devices, 
four of which are shown in Fig. C1 as an example. Nanobubbles are distributed across the 
devices and are of various sizes. We found evidence of bubbles occluding the graphene 
nanopore in four of the six devices measured. The ethanol and water solutions were 
degassed in a vacuum desiccator for ~1h prior to measurement in three of these devices. 
In addition, we found that pores frequently had a conductance lower than is predicted 
analytically, given the imaged diameter of the pore. We interpret this as indirect evidence 
that the pore was obstructed due to bubble formation. We measured the pore diameter 
and conductance of aqueous salt solutions across 35 devices, and only two devices 
displayed a conductance magnitude consistent with what is predicted analytically for the 
imaged pore size. The other 33 devices all displayed lower than expected conductance 
values. 
 
 We hypothesize that the presence of hydrocarbon contamination around the pore 
mouth makes the pore region more hydrophobic, and therefore more prone to dewetting. 
This hydrocarbon contamination can be seen in Fig. C2 which shows a HIM image of a 




the electrically insulating hydrocarbons stuck to the graphene surface. 
 
 
Fig. C1 Examples of other devices we imaged which are covered in nanobubbles. The 




Fig. C2 Evidence of hydrocarbon contamination around the nanopore mouth after HIM 
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